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 Potato (Solanum tuberosum L.) is a major vegetable crop worldwide, including the 
United States of America. No other crops could equal potato in its production of food in 
terms of energy and value per unite area. Because potato is a high-value vegetable, farmers 
apply phosphorus fertilization at high rates despite high soil phosphorus availability. 
Phosphorus is the most critical major soil nutrient limiting potato growth after nitrogen and 
potassium. Six rates of P fertilization (0 – 280 kg P ha−1) were applied at twelve different 
sites across Northern Maine, United States of America. In the present study, soil pH was 
significantly correlated with total potato tuber yield (R2 = 0.38). Sites with soil pH values 
< 6 had total tuber yields, marketable tuber yields, tuber numbers per plant, and total tuber 
mean weights all higher than these same parameters at sites with soil pH ≥ 6. All sites with 
soil pH< 6 showed a highly correlated relationship between P uptake and petiole dry weight 
(R2 = 0.76). The Cate-Nelson analysis for this study allowed distinguishing two P fertility 
classes: Low and High, that is, 0–14.2 and 14.2 – 43.0 mg P kg-1 soil at the early potato 
stage and 0 –17.0 and 17.0– 42.0 mg P kg-1 soil at potato harvest time, respectively, for the 
Modified Morgan (MM) extractant method and 0–307.2 and 307.2–844.0 mg P kg-1 soil at 
the early potato stage and 0–334.0 and 334.0–845.0 mg P kg-1soil at potato harvest time, 
 
 
 
 
 
respectively, for the Mehlich3 (M3) extractant method. The highest robustness value (R2= 
62.0%) was obtained at potato harvest for the Cate-Nelson analysis with the M3 extractant 
method. The DPS, using the logarithmic model, showed that desorbable P increased from 
16 to 29%. Vegetation indices (VIs) and plant pigments were calculated at various time 
points and correlated with total potato yield and P uptake. Active sensors provided a poor 
prediction of total potato yields, adjusted R2 ranged ( 0.05 – 0.36 ) for Crop Circle™ and 
ranged (0.02 – 0.57) for a GreenSeeker™, and P uptake,  adjusted R2 ranged (0.07 – 0.62) 
for Crop Circle™ ranged (0.01 – 0.44) for a GreenSeeker™. Passive sensors provided a 
good prediction of potato yield, with R2adj ranging between 0.44 – 0.63. Their predictive 
values increased dramatically throughout the season, with the highest R2adj of 0.63 for the 
relationship between normalized difference vegetation index (NDVI), green normalized 
difference vegetation index (GNDVI), and chlorophyll green (CHLGR)  and total potato 
yield at the first flight date (25 June), with a log-transformed response variable (log-
transformed models). This study demonstrated multi-spectral imaging's potential 
application by using an unmanned aerial vehicle (UAVs) to predict total potato yield at the 
early vegetative growth stage with high accuracy. This study was conducted to evaluate 
the influence of phosphorus (P) application rates and inoculation with arbuscular vascular 
mycorrhizal (VAM) fungi on tuber yield, specific gravity, petioles dry weight, phosphorus 
concentration, and uptake. None of the treatments affected any of the yield parameters. At 
the same time, soil test phosphorus (Modified Morgan and Mehlich 3) was significantly 
correlated with VAM fungi's root colonization. It appears that the soils with high soil 
phosphorus test and soil pH higher than 6 was not benefited from being inoculated with 
additional mycorrhiza. 
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CHAPTER ONE  
INTRODUCTION 
 
1.1. Potato and Phosphorus Fertilization   
 Potato (Solanum tuberosum L.) is grown worldwide under a wider range of 
different climatic conditions, altitudes, and latitudes than other crops. No other crops equal 
potato in its production of energy and food value per unit area. Potato consumption has 
been a main part of North American nutrition since the 17th century when the potato was 
translocated from Europe to the colonies.  Potato has a high phosphorus demand because 
of its short development cycle and high tuber yield (Kareem et al., 2020; Pinedo-taco et 
al., 2020; Sebnie et al., 2020). Potato also has a low phosphorus content and uptake 
efficiency, mainly when planted in low soil test phosphorus (Hopkins, 2015; Hopkins et 
al., 2020). Phosphorus stress in potato results in the limited root, stem, reduced potato yield 
and quality, and late tuber maturity compared with potato properly supplied with 
phosphorus (Soratto et. al., 2015) (Fernandes and Soratto, 2016; Fleisher et al., 2013; 
Soratto and Fernandes, 2016). Therefore, a phosphorus supply improves the phosphorus 
uptake, biomass, and potato tuber yield  (Kalazich and Sanda, 2015; Sun et al., 2015; Xie 
et al., 2016), especially in low soil test phosphorus (Fernandes et al., 2015; Fernandes and 
Soratto, 2016).  
 While few studies on the impact of phosphorus studies on potato are found in the 
literature, there has been substantial research conducted in Maine, USA focused on the 
phosphorus fertilization of potato, soil test phosphorus, applying organic matter, the 
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positive effect of soil phosphorus, and P, Al, Fe soil relationships (He et al., 2012; Jasim 
et al., 2020; Norton et al., 2008; Ohno et al., 2005; Sharma et al., 2017).    Kareem et al. 
(2020) reported that phosphorus application rates of 500 kg/ha positively increased sweet 
potato productivity, phosphorus uptake, sweet potato tuber quality, and appreciable 
vegetative potato plant growth in soils with low levels of phosphorus (6.80 mg/kg). They 
found this indirectly reflects positively on potato yield increment to the phosphorus. This 
is not surprising because phosphorus plays a vital role in basic plant carbohydrates process 
and the energy conveyance system due it being a part of the structure of ATP (Adenosine 
triphosphate), ADP (Adenosine diphosphate), DNA (Deoxyribonucleic acid), RNA 
(Ribonucleic acid), and phospholipids in the membrane (Hopkins, 2015). Similarly, 
Fernandes et al., (2017) also found that potato plants' fertilization with multiple phosphorus 
rates (0, 125, 250, 500, and 1000 kg P2O5 ha-1) increased potato vegetative growth and 
tuber dry matter yield at rates of 500 and 250 kg P2O5 ha-1. However, they tested their 
experiments in soils with low, medium, and high phosphorus availability. In soils with high 
soil test phosphorus, phosphorus fertilization decreased plant manganese and zinc and 
potato tuber manganese concentration.  
 In soil with high phosphorus content, potato growers still apply phosphorus 
fertilizer as farmers assume that phosphorus might be removed by previous crops and seek 
to protect their yield from loss due to inadequate fertilization. However, at high soil 
phosphorus levels, no phosphorus might be demanded optimum potato yield. Furthermore, 
excessive phosphorus might leave agricultural fields in a dissolved form (H2PO4- and 
HPO4-) in runoff or as an adsorbed form in eroded soil particles. More recently, it has been 
also realized that phosphorus might also reach water bodies through a subsurface flow 
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(Norton et. al., 2008). Phosphorus able to enter surface water systems would cause 
accelerated eutrophication, contributing to water quality degradation issues in lakes, rivers, 
and streams (Lake et al., 2007; Norton et al., 2008; Ruark et al., 2014).  
 In soils with high phosphorus availability, potato yield might also not respond to 
phosphorus applications. Potato yield can change when the soil test phosphorus is at 35 mg 
P kg-1soil, and soil test phosphorus is Mehlich. However, the Mehlich 3 method revealed 
that if soil test phosphorus is more than 24 - 31 mg P kg-1 soil, there was no total potato 
yield response to the phosphorus application. Similarly, the modified Morgan test showed 
that potato yield could respond to phosphorus fertilization if soil test phosphorus is at the 
low (0 – 4 mg P kg-1 soil) or optimum level (4 – 7 mg P kg-1 soil) (Magdoff, 1993; Mallarino 
and Murrell, 2004; Pellerin et al., 2006; Reinhardt et al., 2004).  
1.2. Soil Test Phosphorus and Phosphorus Saturation Indices   
 The agronomic recommendations are typically estimated by soil testing. In general, 
the higher the soil test phosphorus, the higher the tuber yield and phosphorus 
environmental risk, and the least potato response to phosphorus applications (L. Khiari et 
al., 2000; Norton et al., 2008). Phosphorus is tightly bound in soils because of absorption 
of phosphorus by iron (Fe) and aluminum (Al) oxides in acidic soils, and the precipitation 
of phosphorus with calcium ions (Ca) in calcareous soil (Bermudez and Mallarino, 2007; 
Dodd and Mallarino, 2005; Hopkins, 2015). Consequently, only a relatively small fraction 
of soil phosphorus can be available to crops. In response, an excessive amount of 
phosphorus fertilization has been applied to increment soil phosphorus availability. Thus, 
farmers and researchers need to predict phosphorus fertilizer requirements before planting 
through field soil testing history. Therefore, fertilizers can be applied to the soil and 
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incorporated before planting. As discussed above, the possibility of phosphorus response 
lessens when the soil test phosphorus level is high.  
 Soil testing is not a perfect tool, but many methods are obtainable and are 
moderately correlated to relative yield for various crops and soil combinations. Soil 
phosphorus test is different from the soil nitrogen test. The nitrogen test is designed to 
extract all nitrogen nutrients from the soil for analytical estimation and data interpretation. 
Unlike nitrogen, the very small phosphorus amount extracted from a soil predicts a minimal 
quantity of soil solution phosphorus and some of the labile solid soil phosphorus forms, 
but all these forms are not entirely plant available (Guérin et al., 2007; Ohno et al., 2005; 
Reinhardt et al., 2004). With many fields having high soil test phosphorus but very low 
bioavailable concentration, soil testing methods are used to extract the most readily soluble 
phosphorus forms that crops can absorb (Benjannet et al., 2018, Benjannet et al., 2020).  
 The most common soil test phosphorus methods in the United States are Bray- 1, 
Mehlich 3, Mehlich 1, Olsen bicarbonate, and Modified Morgan (Mallarino and Rueber, 
2007; Mehlich, 1984; Zamuner et al., 2016). All of them are indicators for phosphorus 
bioavailability. Mehlich 3 reies on an extractant having fluoride as a buffered acid solution. 
This soil test is well correlated with phosphorus nutrition in crops under most soil status. 
The Mehlich 3 test is widely used in the northeast of the United States. Research comparing 
the Mehlich 3 test and other phosphorus tests revealed that phosphorus estimated with the 
Mehlich 3 test was higher than phosphorus measured by the Modified Morgan test in 
neutral or acidic soils, and suggested different interpretations for both tests (He et al., 2012; 
Mallarino, 2003; McIntosh, 1969). In contrast, Ketterings et al. (2001) showed that the 
most accurate recommendations were acquired using Morgan solution for soil test 
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phosphorus. However, they found that Modified Morgan and Mehlich 3 phosphorus 
recommendations can be derived if the soil pH and Mehlich 3 calcium are known.   
 If soil test phosphorus is below the critical level, the recommended phosphorus rate 
increases as the reactive aluminum increases. Khiari et al., (2000) examined using 
extractable aluminum to improve phosphorus recommendations for potato. They revealed 
that the phosphorus saturation ratio extracted by Mehlich 3 extractant was a better indicator 
of both crop production and environmental risk rather than solely Mehlich 3 extractant.   
The degree of phosphorus saturation (DPS) of soils is suggested as an index for the 
risk of phosphorus loss from soils. It can be a good predictor of phosphorus availability in 
acidic soils.   
 Phosphorus availability could be increased in soil solution with increasing DPS. 
Therefore, soils with a high degree of DPS cannot be responsive to phosphorus applications 
and limit crop yield (Pellerin et al., 2006).   Sims et al., ( 2002) and  Khiari et al., (2000) 
suggested that Mehlich 3 can be used to derive phosphorus saturation (P/Al)M3 or the degree 
of phosphorus saturation (P/(Al+Fe))M3  ratios as agri-environmental indices. More 
common soil test phosphorus used Mehlich 1 and Mehlich 3 extraction as a routine 
agronomic soil method to calculate the degree of phosphorus saturation and provide a more 
attainable analytical tool for phosphorus management (Renneson et al., 2015).  
1.3. Soil Phosphorus and Soil pH 
 Soil pH is deemed the “master variable” of soil chemistry because of its influence 
on chemical reactions involving substantial crop nutrients, pollutants, and phytotoxic 
elements. Researchers have studied the effect of soil properties, particularly soil pH, on the 
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phosphorus availability. The phosphorus solubility increased at near-neutral pH (Jin et al., 
2019; Penn and Camberato, 2019), maximum phosphorus availability occurred at soil pH 
around 4.5 and 6.5, corresponding with the least degree of phosphorus fixation by 
aluminum and iron minerals. However, the phosphorus solubility could differ among soils, 
although the recommendation of near-neutral pH to optimum plant phosphorus availability 
is typically sound (Penn and Camberato, 2019). Several studies suggested that increasing 
soil pH resulted in a decrease in soluble phosphorus or an increase in phosphorus 
absorption, as long as there is an increase in phosphorus solubility and crop uptake or a 
decrease in phosphorus sorption (Penn and Camberato, 2019).  In high soil pH,  Mallarino 
(1997) suggested that the correlations among phosphorus extracted via the Olsen or 
Mehlich 3 were high and independent of soil pH, compared to Bray 1 soil phosphorus 
extractant. Fuhrman et al. (2005) showed that soil pH might affect the relationship between 
Mehlich 3 and water-soluble phosphorus. They found three different groups as a 
relationship between soil test phosphorus extractants based on soil pH: < 5.5, 5.5 – 7.0, and 
> 7.0. On the other hand, an experimental approach where soil phosphorus is preserved and 
modulated in Mehlich 3 extractability occurred as soil properties such as soil pH are 
different would improve the interpretation of their study results. 
1.4. Precision Agriculture  
 Precision agriculture can be defined as considering and assessing the spatial and 
temporal variability within the agricultural lands and making management decisions 
regarding this variability. Spatial variability in agricultural lands exists for several years 
due to differences in soil types, pest management practices, landscape positions, and 
several other factors  (Gracia-Romero et al., 2017; Ray et al., 2006). This variability can 
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represent non-uniform crop yields in areas of the agricultural lands that should be managed 
differently for environmental and economic reasons. In the last two decades, management 
has routinely been dependent on each specific field's average conditions or the most 
limiting area's needs. As a result, some agricultural areas receive more inputs than what is 
necessary for obtaining optimum yield. These practices tend to increase environmental 
contaminations because of over-fertilization and increased runoff and erosion (Coolidge, 
2004; Greenway et al., 2011; Norton et al., 2008; Zamuner et al., 2016).  Changing such 
practices would likely supply less input to obtain optimum yield in portions of the field, 
thus decreasing crop losses due to nutrient stresses, inappropriate pH levels, etc. New 
technologies have the potential to help to detect and to overcome spatial variability issues 
within fields. According to the best management practices for agricultural lands, there are 
many techniques now available to identify and address different spatial zones, thus 
decreasing the potential for environmental contamination.   
 Several researchers initially investigated the likelihood of using grid soil sampling 
to obtain variable rate nutrient recommendations, but, unfortunately, this approach is 
considered too costly and labor-intensive. Nevertheless, such practices and appropriate 
analytical tests might provide a good indication of spatial variability because of factors 
such as nutrients, soil type, soil texture, soil pH, etc. Grid sampling would be a good 
representation of spatial variability with appropriate sampling intensity, although it does 
not describe the factors causing this variability (Liu and Wang, 2018). Another approach 
for estimating spatial variability utilizes remote sensing techniques (Hunt et al., 2010; Peng 
et al., 2017; Peng and Gitelson, 2011). Remote sensing is considered a method of collecting 
information about an object, area, or phenomenon by analyzing data obtained from a device 
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that is not linked with the phenomenon, object, and area (Jensen, 2005). There are several 
ways to collect remotely sensed data, including handheld radiometers, aircraft and drones 
mounted sensors, and satellite images. The utilization of remote sensing to differentiate 
specific nutrient deficiency is difficult because it needs to detect small deviations in 
spectral signature (Fuentes-Peailillo et al., 2019; Kooistra and Clevers, 2016; Zheng and 
Moskal, 2009). Several factors could impact spectral signature, including the vegetative 
growth stage, crop varieties, leaf orientation, soil background, and other canopy 
characteristics. When differentiating between spectral signatures, it is important to 
understand what physiological features of crops influence reflectance at various 
wavelengths (Keutgen et al., 2020; Liu and Wang, 2018; WANG et al., 2007; Zha et al., 
2020). Comparatively low reflectance and transmittance in the visible portion of the 
spectrum (400 – 700 nm) is attributed to the high absorption in this region via leaf pigments 
such as anthocyanin, chlorophyll, and carotenoids (Carroll et al., 2008; Gamon and Surfus, 
1999; Gitelson et al., 2003; Nguy-Robertson et al., 2012; Sims and Gamon, 2002). Near-
infrared (NIR) reflectance (700 – 900 nm) is attributed to internal cellular leaf structure, 
including cell walls, stomata, cytoplasm, crystals, and nuclei. Near-infrared reflectance 
increases as the crops vegetative growth stage are increased. Theories have existed to 
illustrate the spectral characteristics of crops.  Sims and Gamon, (2002)  developed a theory 
by concluding that leaf transmittance and reflectance resulted from the total reflectance of 
light at the cell wall-air interfaces for spongy mesophyll tissue. This demonstrated 
reflectance in the visible bands of the spectrum but not for infrared wavelengths. Nguy et 
al., (2012) formulated an alternative hypothesis suggesting that reflectance can be caused 
by the diffuse characteristics of leaf cell walls, illustrating both the visible and near-infrared 
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wavelengths. A number of factors might impact plants' spectral signature, and a lack of 
these factors’ knowledge, investigations into applying this kind of remote sensing for plant 
nutrients management are required and underway.   
 Researchers have used canopy reflectance data to detect nutrient stress and 
therefore assess the amount of special nutrient required to correct the detected stress 
(Bendig et al., 2013; Gamon and Surfus, 1999; Gitelson et al., 2006; Gitelson and 
Merzlyak, 1996; D. A. Sims and Gamon, 2002). The potential for applying remote sensing 
techniques for determining these stresses is encouraging because there are already means 
of acquiring the imagery.   
 A few research types have been implemented to employ remote sensing techniques 
to differentiate between phosphorus stressed and non-stressed crop.  Li et al. (2018) showed 
the first derivative reflectance's applicability and feasibility for assessing winter oilseed 
rape phosphorus status applying in situ crop canopy using hyperspectral reflectance data. 
In a phosphorus foliar experiment, Wang et al. (2016) demonstrated that the best model 
was performed at bands 760 – 2387 nm and 729 – 1319 nm with R2 = 0.68, root mean 
square error (RMSE ) = 0.040%, residual prediction deviation (RPD) = 1.75 in foliar 
phosphorus among 24 hyperspectral bands. However, phosphorus stress can be observed 
on the crops as a higher reflectance in the spectrum's green and yellow regions and does 
not show the normal shift of the red-edge (chlorophyll absorption wavelength 690 nm). Al-
Abbas et al. (1974) demonstrated that absorption at 830, 940, and 1100 nm showed lower 
phosphorus and calcium stress in corn leaves, while leaves stress caused by the other 
nutrients had a higher absorption in these wavelengths.   
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 Mahajan et al.  (2017) developed the normalized difference vegetation index 
(NDVI), which has been found to yield a good correlation (r = 0.67) to detect phosphorus 
stress. Maleki et al. (2006) found that the two models can be used for good prediction in 
fresh soil samples in laboratory and field experiments under two texture classes: loamy 
sand and sandy loam soils (R2 = 0.68 and 0.63). They recommended that these models can 
provide the appropriate information for phosphorus applicator.   
 Indices such as NDVI cannot assess without the red band, and other vegetation 
indices such as Green NDVI (GNDVI) have similar information and values. Hunt et al.  
(2010)  found that a good correlation was obtained between the leaf area index (LAI) and 
GNDVI with (R2 = 0.85). This was ascribed to the GNDVI being developed initially for 
estimating plant chlorophyll status, which is strongly related to nitrogen nutrient more than 
phosphorus nutrient. Osborne et al. (2002) showed that reflectance at the near-infrared and 
blue band predicted early season phosphorus stress, but late-season results were less useful. 
Their results revealed that the reflectance at 440 and 445 nm predicted phosphorus with an 
(R2 = 0.61). This was attributed to the fact that under phosphorus stress, it increases plant 
anthocyanin production, which results in a purple discoloration in the leaf margins due to 
anthocyanin being strongly absorbed in the green region, whereas reflecting in the blue 
band or even red band region of the spectrum is identical with greater reflectance at 440 
and 445 nm. In addition, they found that analysis of reflectance in the blue band was 
significantly higher at 440 nm for 67 kg P ha-1 compared with the 22 and 45 kg P ha-1 rates 
at the 0.05 probability level. Anthocyanin is water-soluble pigments within the plant leaf 
cells and senescing plants. Anthocyanin pigment is responsible for the red coloration of 
plant leaves (Gitelson and Merzlyak, 2002). Crops produce anthocyanin due to a number 
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of environmental stresses such as low temperature, strong light, drought, phosphorus stress, 
and other factors (Gitelson et al., 2006). Anthocyanin might help as an indicator of the 
nutrient stress and leaf senescence; thus, it is subject to detection, and an important 
assessment would provide vital information about the response and resistant plant to 
environmental stresses (Gitelson et al., 2003).  
 Like the other pigments, anthocyanin participates in light absorption in special 
bands and can be assessed with light absorption and reflectance spectroscopy.  Spectral 
absorption and reflectance make a better approach compared to destructive and time-
consuming chemical analysis. Appreciable progress in developing nondestructive 
procedures for assessing vegetation's physiological status has been obtained during the last 
decades, where considerable attention was given to assessing the chlorophyll and 
carotenoid content. However, not many researchers have investigated anthocyanin 
estimation in intact leaves. The impact of red amaranthine on the red edge region of crop 
leaf reflectance was investigated by some researchers (Gamon and Surfus, 1999; Gitelson 
et al., 2003; Gitelson et al., 2006; Gitelson and Merzlyak, 2002; Sims and Gamon, 2002). 
Some studies found a strong impact of anthocyanin on the relationship between the red-
edge region and chlorophyll content (Penuelas et al., 1995).  Gamon and Surfus (1999) 
developed an approach to use red region (500 – 600 nm) to the green region (600 – 700 
nm) reflectance ratio for anthocyanin pigment estimation. This anthocyanin index can be 
acceptable for newly emerging to mature oak leaves when this content decreased, and 
chlorophyll content increased. It is still unclear which index can be applicable and vigorous 
over a wide range of plant pigments composition, while chlorophylls and carotenoids in 
leaves vary (Gitelson, 2013).  
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 To obtain a technique for nondestructive assessment of anthocyanin in leaves and 
to understand anthocyanin metabolisms in plant leaves better, anthocyanin should be 
investigated in greater detail. Then specific bands sensitive to anthocyanin content should 
be developed, and correlations between anthocyanin and reflectance in these specific 
wavebands should be determined. However, anthocyanin concentration tends to be high in 
early growth leaves with low photosynthetic rates in plant leaves when plant growth has 
been limited by low temperature and tiny roots or other stress factors.   
1.5. Thesis Objectives   
 The study's overall objective was to assess the use of new technologies for 
phosphorus management in Northern Maine, USA, in potato production under different 
soil pH. In this dissertation, specific objectives were developed into separate chapters.  
1.5.1.  Potato Phosphorus Rresponse in Soils With High Value of 
 Phosphorus 
 This experiment was carried out to evaluate the impact of P application rates on 
tuber yield, specific gravity, and P uptake. Additionally, we investigated the impact of 
soil pH on potato P availability in the studied soils.  
1.5.2. Phosphorus Test Implications on High – Value Phosphorus Glacial  
 Outwash Soils  
 This study had three primary objectives: first, to determine the critical value of soil 
test phosphorus extracted by Mehlich3 and soil test phosphorus extracted by Modified 
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Morgan; second, to assess the relationships between aluminum and iron soil tests with soil 
test phosphorus; and third, to evaluate phosphorus saturation index 1 (PSI1), phosphorus 
saturation index 2 (PSI2), and degree of phosphorus saturation by testing soil phosphorus 
in Maine acidic soils that are high in P according to the P-M3 and P-MM methods, and 
finally, to evaluate the partial phosphorus budget effectiveness of applying phosphorus 
fertilizer for potato production.  
1.5.3. Predicting Phosphorus and Ptato Yield usingActive and Passive 
 Sensors  
 The objectives of this study were to (1) compare active and passive sensor 
efficiency in detecting potato P deficiency, total potato yield, and P uptake; (2) to 
employing a log-transformed response and explanatory variables (log-transformed models) 
to enhance the multiple linear regression models; and (3) to develop multiple linear 
regression models to assess and evaluate the best growing date to detect the P stress.  
1.5.4. Mycoorrhizae Inoculation in Potatoes and Their Impact over Yeild 
 and Quality   
 This study aimed to determine the impact of commercial inoculation with vesicular-
arbuscular mycorrhiza (VAM) fungi containing Glomus intraradices on phosphorus uptake 
and total potato yield and its parameters in farms with high soil test phosphorus. 
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CHAPTER TWO 
POTATO PHOSPHORUS RESPONSE WITH HIGH VALUE OF 
PHOSPHORUS  
2.1. Abstract 
 Phosphorus (P) is an element that potatoes require in large amounts. Soil pH is a 
crucial factor impacting phosphorus availability in potato production. This study was 
conducted to evaluate P application rates' influence on the P efficiency for tuber yield, 
specific gravity, and P uptake. Additionally, the relationship between soil pH and total 
potato tuber yield was determined. Six rates of P fertilization (0–280 kg P ha−1) were 
applied at twelve different sites across Northern Maine. Yield parameters were not 
responsive to P application rates. However, regression analysis showed that soil pH was 
significantly correlated with total potato tuber yield (R2 = 0.38). Sites with soil pH values 
< 6 had total tuber yields, marketable tuber yields, tuber numbers per plant, and total tuber 
mean weights that were all higher than these same parameters at sites with soil pH ≥ 6. 
All sites with soil pH< 6 showed a highly correlated relationship between P uptake and 
petiole dry weight (R2 = 0.76). The P application rate of 56 kg P ha−1 was the best at sites 
with a soil pH < 6, but 0–56 kg P ha−1 was the best at sites with soil pH ≥ 6. 
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2.2. Introduction 
 Potato (Solanum tuberosum L.) is a major vegetable crop worldwide, including the 
United States of America (USA) (Hopkins and Hansen, 2019). The USA accounts for 
11.4% of the total world potato production (FAOSTAT, 2019). Maine (ME) is ranked ninth 
in terms of the area devoted to potato production (USDA, 2018). The worldwide potato 
production was appraised at 388,191,000 Mg ha−1 in 2018 (FAOSTAT, 2019). In Maine, 
potato production increased from 1704 Mg ha−1 in 2017 to 1720 Mg ha−1 in 2018, i.e., 0.9 
(USDA, 2018). The potato crop demands high phosphorus (P) level (Fixen and Bruulsema, 
2014; Hopkins et al., 2018; Hopkins and Hansen, 2019; Rosen et al., 2014)  due to its 
shallow roots, low root density, minimal root hairs, and high P demand in the shoots 
(Fernandes and Soratto, 2016; Hopkins and Hansen, 2019). P is the most critical major 
nutrient limiting potato growth after nitrogen and potassium in soils. P is typically taken 
up as either HPO42− or H2PO42−, depending on the soil pH (Hopkins et al., 2018) (Hopkins 
and Hansen, 2019). Potato may also absorb nucleic acids and soluble organic phosphates 
(Havlin et al., 2016).  
Potato is a high-value vegetable, and farmers apply P fertilization at high rates despite 
high soil P availability (Faucon et al., 2015). Even under high P applications, the total P 
uptake by potato varieties remains between 6.6 to 8 kg P ha−1 (Fernandes and Soratto, 2016; 
Fixen and Bruulsema, 2014; Hopkins and Hansen, 2019). These results indicate that it is 
possible to apply P at lower rates in soils with high P soil amounts without reducing yields 
(Ruark et al., 2014), although some P fertilizer may need to be applied even at high soil 
test P levels (Fixen and Bruulsema, 2014; Hopkins, 2015; Hopkins and Hansen, 2019). P 
deficiency often results in early vine death and hastening maturity (Soratto et al., 2015). 
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The response of potatoes to P applications, even in the soils with high soil P test values 
(Hopkins and Hansen, 2019; Rosen et al., 2014) questions the P recommendations 
methodology in the USA's potato-growing states. P fertilization and manure applications 
with high P concentrations represent a potential P input source into water bodies (Reinhardt 
et al., 2004)(Rosen et al., 2014). P is a relatively slow-moving element in the soils, and it 
has a high tendency to stay in the soil for a more extended period as legacy P. 
P also plays a fundamental role in crop and vegetable physiology. Energy storage and 
transfer are the most important P's functions in plants (Bruulsema et al., 2019; Hopkins, 
2015). The ample plant P concentration form and generate adequate amounts of adenosine 
triphosphate (ATP) and adenosine diphosphate (ADP) that are involved in energy-
transforming processes (Havlin et al., 2016; Hopkins, 2015; Rosen et al., 2014). P is the 
most crucial element in phospholipids' structural component, phosphoproteins, coenzymes, 
nucleic acids, and nucleotides (Havlin et al., 2016; Hopkins, 2015; Tize and Zeiger E., 
2003) P is highly correlated with increased root development; when H2PO4− increases in 
the soil, plant roots can spread extensively (Tesfaye Balemi and Schenk, 2009)(Faucon et 
al., 2015)(Hailu et al., 2017). Thus, roots proliferate, which leads to an enhanced 
exploration of the soil for water and nutrients. The yield quality is enhanced, and disease 
resistance improved with appropriate P availability (Fernandes et al., 2017; Rosen and 
Bierman, 2008; Ruark et al., 2014). According to Hopkins (2015), total P in most plant 
tissue ranges from 0.1 to 1%. Typical crops may contain approximately 0.13% as inorganic 
P, 0.03% as lipids, 0.004% as DNA, 0.04% as RNA, and 0.02% as an ester. The total P 
concentration in potato changes based on the growth stage; sufficient P concentration can 
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be around 0.2–0.4% at mid-growth, 0.38–0.45% at tuber initiation, and 0.14–0.17% when 
tubers mature (Hopkins, 2015).  
The P deficiency suppresses and delays potato growth and maturity (Hopkins and 
Hansen, 2019). The plants that are grown under P stress are generally stunted, with darker 
green-colored leaves. When the P deficiency is exacerbated, the dark green color changes 
to grayish-green or bluish-green (Chalker-Scott, 1999).  Eventually, the P-deficient leaves 
turn purple. The purple color occurs due to the accumulation of sugars that produce 
anthocyanin (plant pigments) in the leaf (Cassagne et al., 2000). Thus, P deficiencies are 
common at early growth stages and at the reproductive stage (Grant et al., 2001). P 
deficiency might also appear in crops grown under cool, wet conditions, even where there 
is sufficient soil P availability (Hodges, 2010). The P deficiency symptoms might occur 
due to reduced P diffusion in cool soils with limited root development in young plants 
(Hodges, 2010). Initial P fertilization can decrease early season P stress (Grant et al., 2001).  
The P availability in the soil is closely related to soil pH, soil temperature, and soil 
iron (Fe)/aluminum (Al) content (Sharma et al., 2017). P availability's ideal pH range is 
between 6–7 (Sharma, et. al., 2017).  Regardless of where potatoes are grown, as a winter 
crop for tropical places and a summer crop for temperate places, potato planting happens 
when the soil temperature is on the lower side, resulting in low P availability and a reason 
for growers in the region to apply P to potatoes (Sharma et al., 2017). Moreover, the 
available Fe and Al under a low soil pH fix the available P, resulting in low P availability 
in the potato production system (Buob and Rochette, 2003; Sharma et al., 2017). In acidic 
soils, P might react with aluminum (Al) and iron (Fe), with the formation of a lack of 
soluble phosphate under low soil pH conditions (Reinhardt et al., 2004). 
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This experiment was carried out to evaluate P application rate's impact on the P 
efficiency for tuber yield, specific gravity, and P uptake. Additionally, it was also to 
investigate soil pH's impact on potato P availability in the studied soils.  
2.3. Materials and Methods  
 2.3.1. Site Description  
Two years of study were undertaken in 2018 and 2019 at twelve sites in Aroostook 
County, Maine, USA. Precipitation (mm) and temperature (°C) data during the growing 
season are shown in Figure 2.1. Site properties are provided in Table 2.1.  
2.3.2.  Experimental Design 
On all sites, in both 2018 and 2019, the experimental design was a randomized 
complete block with six P fertilization rates (0, 56, 112, 168, 224, and 280 kg P ha−1) 
applied as triple superphosphate (TSP) (46% P2O5), with four replications. Nitrogen (N) 
was applied as urea (46% N) in 2018 and as ammonium nitrate (33% N) in 2019 at the 
rates of 202 kg N ha−1 and 224kg N ha−1, respectively. Potassium (K) was applied in both 
years as potassium chloride (K2O 60%) at 224 kg K ha−1. Sulfur (S) was applied in both 
years as calcium sulfate (24% S) at 18 kg S ha−1. The N, P, K, and S were banded 5 cm 
underneath the potato seed on the planting days. In 2018, the experimental units' 
dimensions were 9.1 m by 3.6 m, accommodating four potato rows spaced at 0.9 m. In 
2019, the dimensions were 6.1 m by 3.6 m accommodating two potato rows spaced at 0.9 
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m. Potato tubers were planted in rows at the inter-potato seed spacing of 0.3 m. Three 
potato varieties were grown in the study area (Table 2.1.). 
Figure 2.1. Climate data during the potato-growing season: a monthly temperature average (°C) and 
precipitation (mm). Source: National Oceanic and Atmospheric Administration, USA (NOAA, 2019).  
2.3.3. Soil Sample Analysis  
 Soil samples were taken from each experimental site to a depth of 0–30 cm before 
potato planting, and through the growing season at the early stage (tuber initiation; 60 days 
after potato planting day), and after harvest (120 days after the potato planting day). At an 
early stage in 2018, soil samples were collected from two sites, and in 2019, soil samples 
were taken from five sites. At potato harvest time in 2018, soil samples were collected from 
four sites in 2018 and form five sites in 2019. Soil samples were air-dried, ground, and 
then passed through a 2 mm mesh sieve. The P and K were determined by Modified 
Morgan Extraction (MME) using Inductively Coupled Plasma-atomic emission 
spectrometer (ICP-AES) (Make: Spectro Genesis; the company is HQ in Kleve, Germany) 
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(McIntosh, 1969). The P extracted by MME (P-MME) was evaluated as a high to very high 
soil P concentration and ranged between 10.1 to 23.8 mg P kg−1. This was stated based on 
(Magdoff and van Es, 2009), who reported P-MME ranges were: low P: 0–4 mg P kg−1 
soil, optimum P: 4–7 mg P kg−1 soil, high P: 7–20 mg P kg−1 soil, and very high P: >20 mg 
P kg−1 soil. For the Mehlich 3 (P-M3) , soil test P samples were analyzed using ICP-AES 
(Mehlich, 1984). In this study, the P-M3 ranged from 257 to 586 mg P kg−1 soil (Table 
2.2). This range is considered as a very high soil P concentration based on (Magdoff and 
van Es, 2009), who reported P-M3 ranges are low P: 0–15 mg P kg−1 soil, optimum P: 15–
31 mg P kg−1 soil, high P: 24–31 mg P kg−1 soil, and very high P: >31 mg P kg−1 soil. Soil 
pH was estimated using a 1:1 soil: deionized water solution method, then measured by a 
pH meter with the electrode(pH robot is a labfit AS3000; company HQ is in Perth, 
Australia) (Mclean, 1983); the organic matter was determined using the loss of weight on 
ignition method (Storer, 1984). The N-NO3− was measured by using an automated ion 
analyzer (Page et al.,  1982). The N-NH4+ was measured by using KCl extractions (Dahnke 
and Whitney, 1988).  
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Table 2.1. General characteristics of the field research sites. 
Site Year Latitude Longitude †Soil Type Slope Planting 
Date 
Harvest Date Varieties 
Frenchville (FV) 2018 47.2170080 −68.4112920 Coarse-loamy, isotic, frigid Oxyaquic 
Haplorthods 
2–8%  22 May 12 September RB 
New Sweden-1 (NS1) 2018 46.9511590 −68.1479550 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 29 May 15 October RB 
New Sweden-2 (NS2) 2018 46.9529336 −68.1454612 Fine-loamy, mixed, frigid Aquic Haplorthods 2–8% 30 May  15 October RB 
WoodLand (WL) 2018 46.8850498 −68.1256605 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 15 May 01 October RB 
Caribou-1 (CA1) 2018 46.8842966 −68.0292126 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 17 May 13 September RB 
Aroostook Farm-1 (AF1) 2018 46.6601582 −68.0216085 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 24 May 14 September SH 
Aroostook Farm-2 (AF2) 2018 46.6619155 −68.0209886 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 24 May 14 September RB 
Aroostook Farm-3 (AF3) 2019 46.66011944 −68.02125 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 31 May 20 September SP 
Aroostook Farm-4 (AF4) 2019 46.46.6601694 −68.01650278 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 31 May 20 September RB 
Caribou -2 (CA2) 2019 46.89628611 −68.07754722 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 14 May 30 September  RB 
Caribou-3 (CA3) 2019 46.89180556 −68.04066667 Fine-loamy, mixed, frigid Typic Haplorthods 2–15% 28 May 30 September RB 
Limestone (LM)  2019 46.96186944 −67.83323056 Fine-loamy, mixed, frigid Typic Haplorthods 2–8% 29 May  01 October RB 
RB: Russet Burbank, SP: Superior, SH: Shepody. † information collected from Web Soil Survey, 2019. 
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Site  FV NS1 NS2 WL CA1 AF1 AF2 AF3 AF4 CA2 CA3 LM 
Growing years  2018 2019 
pH  5.9 4.9 5.6 5.8 6.5 6.1 6.4 6.0 6.1 5.4 6.3 5.9 
OM % 4.9 3.1 5.3 4.1 3.7 2.6 4 2.3 3.1 2.6 3.3 1.6 
P-MM 
m
g 
nu
tr
ie
nt
 k
g 
so
il 
- 1
 
19.75 12.2 10.1 16.45 21.2 13.05 21.2 11.4 17 17.8 23.8 17.9 
P-M3 379 469 257 356 421 440 421 341 423 586 537 558 
N-NO3- 5 62 2 15 6 4 12 5 6 8 7 3 
N-NH4+ 1 28 25 5 1 15 17 4 6 10 7 19 
K-M3 237 221 151 256 376 300 225 234 160 348 292 230 
             
Fe-MM 10 5.3 9.5 6.8 5.0 2.7 3 4.5 4.8 8.2 4.1 4.7 
Fe-M3 309 438 390 317 343 388 375 334 368 483 394 396 
RB: Russet Burbank, SP: Superior, SH: Shepody. † information collected from Web Soil Survey, 2019. 
Table 2.2.  Relevant soil analysis of data from experimental sites 2018 and 2019 
Table 2.2.  Relevant soil analysis of data from experimental sites 2018 and 2019 
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Al-M3 1735 1595 1395 1547 1595 1590 1444 1600 1594 1789 1796 1822 
PSI1 0.22 0.29 0.14 0.23 0.29 0.28 0.29 0.21 0.27 0.33 0.30 0.31 
P (M3) 
m
m
ol
e 
kg
- 1
 
12.22 15.14 8.29 11.48 15.16 14.20 13.58 11.00 13.65 18.91 17.34 18.00 
Fe (M3) 5.54 7.84 6.99 5.67 6.15 6.94 6.72 5.98 6.59 8.65 7.06 7.09 
Al (M3) 64.26 59.10 51.70 57.30 59.07 58.93 53.53 59.32 59.10 66.32 66.58 67.54 
PSI2 0.18 0.23 0.14 0.18 0.23 0.22 0.23 0.17 0.21 0.25 0.24 0.24 
DPS % 17.51 22.61 14.13 18.23 23.25 21.55 22.54 16.85 20.79 25.23 23.55 24.13 
 
CEC (MM) 
m
eq
 1
00
 g
-1
  
7.3 
 
8.1 
 
8.8 
 
7.3 
 
7.9 
 
5.9 
 
7.9 
 
5.4 
 
6.3 
 
7.2 
 
7.0 
 
4.6 
Table 2.2. continued 
 
Modified Morgan Extraction (MM); P extracted by MM (P-MM); Mehlich 3 (M3); Mehlich 3 soil test P (P-M3); K extracted by M3 (K-M3); Iron extracted by 
MM (Fe-MM); Iron extracted by M3 (Fe-M3); Aluminum extracted by M3 (Al-M3); Organic Matter (OM); Cations exchange capacity(CEC);  P, Fe, and  Al 
(mmole kg-1) were calculated: mg nutrient kg soil -1 / P, Fe, and Al atomic weight ( P atomic weight= 30.97, Fe atomic weight= 55.85, Al atomic weight = 26.98). 
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2.3.4. Plant Sampling and Analysis  
Four petioles and leaflets were collected from four plants in each sub-plot for P analysis. 
The petioles and leaflets were chosen from the fourth and fifth fully expanded leaves 
from the plant top (Westermann and Kleinkopf, 1985). The petioles and leaflets were 
washed with deionized water. All petioles and leaflets were dried in an oven with air 
circulation at 65 °C for 96 h and then ground. The grounded petioles were ashed at 550 
°C for 5 h in a muffle furnace (Kalra and Maynard, 1991). The ash was dissolved in 50% 
HCl on a hot plate and analyzed using ICP (Chapman, 1961; Pratt, 1961; Kalra and 
Maynard, 1991).  
2.3.5. Potato Yield Components and Measurements  
 The tubers were dug using the two-row digger from each experimental site and then 
handpicked from a 5.5 m2 central area per plot. Fresh tubers were graded, counted, and 
weighed to calculate total tuber yield per hectare (ha) and per plant, and the number of 
tubers per plant was determined based on fresh tuber grades. The total yield was calculated 
by summing all potato tuber grades. The marketable tuber potato yield was obtained by 
summing all grades where the tuber size was more than 65 g, except the undersized tubers 
(the tuber weight mean that was equal or lower than 65 g on average); undersized tubers 
refer to the unmarketable potato tuber yield.  
 A random sampling of four potato tubers was made from each of the grade 
numbers over 65 g to determine specific gravity. Specific gravity was obtained with a 
composite of potato tubers, according to Kleinschmidt et al. (1984): 
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Specific Gravity (SG) = Tuber weight in air / (tuber weight in the air − tuber weight   
in water). 
2.3.6. Statistical Analysis  
 All data were tested for normality before analysis and the least significant 
difference (LSD) test at a statistical significance level of P < 0.05. Tukey’s test was 
performed on the data using SAS. The statistical analysis was implemented for all yield 
components, measurements, and plant tissue analysis using Microsoft Excel (Microsoft 
Corporation, USA) and JMP 14.1 statistical software from SAS. The variance (ANOVA) 
analysis was accomplished separately for each variety using PROC MIXED of SAS 
version 9.4 (SAS, 2015) with blocks as a random effect and the P application rates as fixed 
effects. 
2.4. Results 
2.4.1. Correlation of Total Potato Yield with Soil pH   
 One of our objectives was to determine the relationship between potato yield and 
soil pH. Figure 2 shows the significant relationship between soil pH and total potato tuber 
yield. P = 0.03 showed a significant relationship. The highest total potato tuber yield was 
obtained for the acidic soil pH values, whereas the lower total potato yield was observed 
at near-natural soil pH values. Subsequently, the 12 experimental sites were split into 
groups with soil pH values either ≥ 6 or < 6. In this study, sites were categorized into two 
groups: (a) a group with high pH values that are soil pH ≥ 6, which included the AF1, AF2, 
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AF3, AF4, CA1, and CA3 sites, and (b) a group with corresponding low soil pH values < 
6, which included the WL, NS1, NS2, FV, CA2, and LM sites.  
 
Figure 2.2. Correlation between the highest total potato tuber yield value (Mg ha−1) at each site and soil 
pH (pre-planted soil samples). * Significantly different at P < 0.05. 
 There was a significant effect from soil pH on the potato yield (Figure 2.3a, b). 
The difference between the yield–soil pH relationships for each growing stage is 
detailed in Figure 2.3 a,b. There was a significant negative impact of soil pH on total 
potato yield. Thus, the coefficient of determination (R2 = 0.19) was achieved for all 
sites at harvest with soil pH < 6, and this relationship was significantly correlated with 
total potato yield (Figure 2.3c). There was no clear relationship between soil pH and 
total potato yield for all sites (soil pH > 6) (Figure2. 3d). 
y = −10.686x + 96.953
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Figure 2.3. Relationships between soil pH and total potato yield (a) all sites at the early potato stage for 
2018 and 2019 (b) all sites after harvest for years 2018 and 2019 (c) all sites (soil pH < 6) at potato 
harvest; (d) all sites (soil pH ≥ 6) at early potato stage. * Significantly different at P < 0.05. TPY: Total 
potato yield. ns: Nonsignificant. 
2.4.2. Phosphorus Effects on Potato Tuber Yield Parameters  
2.4.2.1. The Effect of Phosphorus on Total Potato Tuber Yield, Specific Gravity, 
Marketable, and Unmarketable Tuber Yield.  
 The main effects of P application on total tuber yield, specific gravity, marketable, 
and unmarketable tuber yield were not statistically significant (P < 0.05; Figure 2.4a–k). 
For all combined sites, the P application did not significantly impact total tuber yield, 
specific gravity, marketable, and unmarketable tuber yield (Figure 2.4 a, d, f, and i). The 
total tuber yields ranged from 28.8 to 32.0 Mg ha−1 at all combined sites (Figure 2.4a) and 
ranged from 24.3 to 27.5 Mg ha−1 at all sites combined at soil pH ≥ 6 (Figure 2.4b). The 
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total tuber yield ranged from 33.3 to 36.8 Mg ha−1 at all sites combined at soil pH < 6 
(Figure 2.4c). Increasing the P application rate from 0 to 168 Kg P ha−1 increased the total 
tuber yield at all combined sites and all sites combined at soil pH < 6 by about 6.3% and 
9.5%, respectively (Figure 2.4a and c), with no significant difference among the total tuber 
yields obtained at the remaining P application rates. By contrast, the total tuber yield 
decreased by 2.0% due to an increased P application rate from 0 to 168 Kg P ha−1 (Figure 
2.4b). However, total tuber yield did not respond to P application rates from 0 to 280 Kg P 
ha−1. The main effect of P on specific gravity was not statistically significant (Figure 2.4d 
and e). 
 Similarly, the marketable tuber yield was not statistically significant (Figure 2.4f, 
g, and h). The 168 Kg, P ha−1 rate of P application increased the marketable tuber yield 
by about 3.0% compared to 0 Kg P ha−1 at all combined sites (Figure 2.4f), with no 
significant marketable difference tuber yield obtained among the remaining P application 
rates. By contrast, the marketable tuber yield decreased by 4.6% due to an increased P 
application rate from 0 to 168 Kg P ha−1 at all sites combined at soil pH ≥ 6 (Figure 2.4g). 
Marketable tuber yield ranged from 29.1 to 32.3 Mg ha−1 (Figure 2.4h). For all sites at soil 
Ph < 6, the P application rate did not show a significant impact on marketable tuber yield, 
even though results showed the highest marketable tuber yield (32.3 Mg ha−1 ) achieved at 
168 Kg P ha−1 rate of P application compared to 0 Kg P ha−1 rate (Figure 2.4h). The main 
effect of the P application rate on unmarketable tuber yield was not statistically significant 
(P < 0.05, according to Tuke’s test; Figure 2.4 i, j, and k). All combined site results showed 
that the highest unmarketable tuber yield (4.9 Mg ha−1) was not significantly different 
among the P application 0 Kg P ha−1 rate, where the unmarketable tuber yield increased by  
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Figure 2.4. Effect of P rates on total tuber yield at all sites combined (a), all sites combined at soil pH ≥ 6 
(b), all sites at soil pH < 6 (c), specific gravity at all sites combined at soil pH ≥ 6 (d), all sites at soil pH < 6 
(e), marketable tuber yield at all sites combined (f), all sites combined at soil pH ≥ 6 (g), all sites at soil pH 
< 6 (h), and unmarketable tuber yield at all sites combined(i), all sites combined at soil pH ≥ 6 (j), all sites at 
soil pH< 6 (k). 
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about 11.4% (Figure 2.4i). For all site combined treatments at soil pH ≥ 6, the P application  
rate did not show a significant impact on the unmarketable tuber yield (Figure 2.4j). 
However, increasing the P application rate from 0 to 112 Kg P ha−1 increased the 
unmarketable tuber yield by about 14.6%, even though it was statistically insignificant 
compared to the unmarketable tuber yield at the other P application rates (Figure 2.4j). 
Similarly, the unmarketable tuber yield treatments were not statistically significant at all 
sites at soil pH< 6 (Figure 2.4 k). 
2.4.2.2. The Effect of Phosphorus on Tuber Number per Plant and Total Tuber Mean 
Weight.  
 The main effect of the P application rate on tuber number per plant was not 
statistically significant ( P< 0.05 according to the Tukey’s test) (Figure 2.5a–f). For all sites 
combined, from 0 to 168 Kg P ha−1 rate of P application increased the tuber number per 
plant from 5.5 to 6, and the tuber number per plant at 168 Kg P ha−1 rate increased by about 
9.1% compared to that at 0 Kg P ha−1 (5.5 tubers per plant), with no significant difference 
among tuber numbers per plant obtained at the remaining P application rates (Figure 2.5a). 
For all sites combined at soil pH ≥ 6, the P application rate did not significantly impact the 
tuber number per plant (Figure 2.5b). However, increasing the p application rate from 0 to 
168 Kg P ha−1 increased the tuber number by about 7.7%, even though it was statistically 
insignificant compared to the tuber number per plant at the other P application rates (Figure 
2.5b). For all sites at soil pH < 6, the 168 Kg P ha−1 rate of P application increased the tuber 
number per plant (6.3 tubers per plant) by about 8.2 % compared to the application of 0 Kg 
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P ha−1 (5.8 tubers per plant), with no significant difference among the tuber number per 
plant obtained at the remaining P application rates (Figure 2.5c).  
Figure 2.5. Effect of P rates on tuber number per plant at all sites combined(a), all sites combined at soil pH 
≥ 6 (b), all sites at soil pH< 6 (c), tuber mean weight at all sites combined(d), all sites combined at soil pH ≥ 
6 (e), all sites at soil pH< 6 (f). Means connected by the same letter are not significantly different (Tuckey’s 
test P < 0.05). 
 Similarly, total tuber means weight was not statistically significant (Figure 2.5d–f). 
Total tuber mean weight ranged from 0.83 to 0.91 Kg plant−1 (Figure 2.5d), the highest 
total tuber mean weight (0.91 kg plant−1) was observed at 168 Kg P ha−1, and the lowest  
total tuber mean weight (0.83 Kg plant−1) was obtained at 56 Kg P ha−1 (Figure 2.5d). For 
all sites combined at soil pH ≥ 6, P application rates did not significantly impact total tuber 
mean weight (Figure 2.5e). For all sites at soil pH < 6, increasing the P application rate 
from 0 to 168 Kg P ha−1 increased the total tuber mean weight by about 8.1%, even though 
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it was statistically insignificant compared to the total tuner mean weight at the other P 
application rates. 
2.4.3. Petiole P concentration and its uptake 
 The relationship between P concentration and the unmarketable tuber yield at 
combined ≥ 6 soil pH sites is illustrated in Figure 2.6a. The coefficient of 
determination (R2) showed a good correlation between the explanatory variable (P 
concentration) and the response variable (unmarketable tuber yield) at R2 = 0.26. This 
relationship showed that when P concentration was increased, this led to decreased 
unmarketable tuber yield (Figure 2.6a). The relationship between P concentration and 
petiole dry weight for the ‘Shepody’ variety at soil pH ≥ 6 was highly correlated at R2 
= 0.31 and showed a positive correlation between the P concentration as a predictor 
and petiole dry weight as a response variable (Figure 2.6b). A positive correlation (R2 
= 0.18) was found between P concentration and petiole dry weight for ‘Superior’ 
variety at ≥ 6 soil pH (Figure 2.6c). The most robust relationships between P uptake 
and petiole dry weight at combined sites at ≥ 6 soil pH, with R2 = 0.75, showed a 
positive correlation (Figure 2.6 d).   
 Another strong relationship was observed between the explanatory variable (P 
uptake) and the response variable (petioles dry weight) for ‘Shepody’ variety at soil 
pH ≥ 6, which was highly correlated at R2 = 0.96 (Figure 2.6e). All combined sites at 
< 6 soil pH were highly correlated at R2 = 0.76 in terms of the relationship between  
 
. 
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the predictor (P uptake) and the response (petioles dry weight). The logarithmic pattern 
showed that petiole dry weight increased with increased P uptake (Figure 2.6e).  
Figure 2.6. Relationships between phosphorus concentration and unmarketable tuber yield at combined sites 
≥ 6 soil pH (a), petiole dry weight for ‘Shepody’ (≥ 6 soil pH) (b), and petiole dry weight for ‘Superior’ 
variety (≥ 6 soil pH) (c), and the relationships between phosphorus uptake and petiole dry weight at combined 
sites with ≥ 6 soil pH (d), and the ‘Shepody’ variety at soil pH ≥ 6 (e), and all combined sites < 6 soil pH (f). 
* Significantly different at P < 0.05.  
  
 34 
2.5. Discussion 
 Potato yield could be responsive to P application in acidic soils, even at very high 
soil test P levels. These data are in agreement with many others (Fixen and Bruulsema, 
2014; Hopkins et al., 2018; Hopkins and Hansen, 2019; Rosen et al., 2014). In our study, 
the maximum P solubility occurred at near-natural pH values. The P solubility increased 
as soil pH changed from acid to neutral pH (Bruulsema et al., 2019; Hopkins and Hansen, 
2019; Sposito, 2008). Potato production is tolerant of acid soil as long as the Al 
concentration is low (Pehrson et al., 2011). In the present study, it is best to apply P to soils 
with pH values ranging between 4.8 and 5.9 (Fixen and Bruulsema, 2014; Hopkins et al., 
2018). However, there is a negative correlation between total potato yield and soil pH at 
sites with soil pH < 6; it is better than soil pH > 6 and sites combined. Moreover, potato 
yield declines when soil pH > 6. This could occur to the soil pH changes from low to 
slightly acidic, which decreased Al and Fe soil concentration and increased P availability 
in the soil. Consequently, the potato yield cannot respond to P fertilization when soil pH is 
larger than 6 (Bruulsema et al., 2019; Fixen and Bruulsema, 2014; Hopkins et al., 2018; 
Luz et al., 2013). The application of 168 kg P ha−1 tended to increase the total tuber yield 
at all sites with combined < 6 soil pH; this was attributed to increasing the P concentration 
in the shoot system to the optimal range, as reported by Fernandes and Soratto (2016). 
However, the P application rates did not increase the total tuber yield because P did not 
significantly affect the potato tubers' number or weight. These data confirm that potato 
tuber yield is not significantly responsive to P fertilization when grown in soils with high 
P availability (Table 2.2). Other studies have found that the highest total potato yield 
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responses occurred at a lower P application rate (Adalton M. Fernandes et al., 2014; 
Hopkins et al., 2010; Luz et al., 2013; Rosen and Bierman, 2008). 
 Our results showed that the differences among sites with respect to the total tuber 
yield were clearly related to their soil pH and P soil concentrations (Table 2.2). The total 
tuber yields at sites with < 6 soil pH were higher than the total tuber yields at sites with ≥ 
6 soil pH, which confirms our statement that the tuber yield decreased when the soil pH 
increased above 6.  
 The P application rates did not affect specific gravity at all sites combined (≥ 6 < 
soil pH). These results were attributed to the high P concentrations at all sites (Table 2.2). 
These findings are similar to the report by Hopkins and Hansen (2019) and Laboski and 
Kelling (2007), who found that where soil P concentration was at more than the optimum 
level or excessive P applications had occurred, relatively little influence on specific gravity 
was observed. The specific gravity results are corroborated by other researchers’ findings, 
which showed weak, insignificant relationships among soil P concentration, P application 
rates, and specific gravity ( Balemi, 2010; Laboski and Kelling, 2007; Soratto et al., 2015). 
Where soil P is at more than the optimum level (Table 2.2; Mehlich 3 and Modified Morgan 
soil test P methodology), some phosphate might decrease in solids, and for many of the 
responsive sites, the higher rate of P applications minimized the specific gravity levels 
(Stark and Love, 2003). Similarly, increasing mineral fertilizer leads to the reduction of 
specific gravity. In contrast to this study, some researchers’ results revealed a rise in tubers' 
specific gravity in response to high P application rates (Hopkins and Hansen, 2019; Human, 
1961).  
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 In response to increased P rate application from 0 to 280 kg P ha−1 at all sites 
combined for all potato varieties cultivated in this project, there was an insignificant 
increase in the marketable tuber yield. The marketable tuber yield results are corroborated 
by the findings of (Hopkins and Hansen, 2019), who reported that the effects of P 
application rates were not significant on marketable tuber yield. This scarcity of difference 
was attributed to the high soil test phosphorus at both soil pH group values in both years 
(Table 2.2). A balanced approach to P applications ensures an appropriate P supply for 
optimum marketable tuber yield while impeding excessive accumulation of soil P and 
increasing potato responsiveness to P application (Magdoff and van Es, 2009). 
 There were no significant differences in the unmarketable potato tuber yield in 
amounts of small, unmarketable tubers (less than 65 g) in the P treatments. These results 
are confirmed by Shibabaw et al. (2018), who recommended that P application rates 
without organic manure were not statistically significant concerning the unmarketable 
tuber yield. Similarly, Zelalem et al. (2009) reported that P application rates did not 
significantly affect the unmarketable tuber yield. In our study, regardless of the significant 
differences, the unmarketable tuber yield was higher at all combined sites at ≥ 6 soil pH 
than at all combined sites at soil pH < 6. The P rate application 112 kg P ha−1 obtained the 
highest unmarketable tuber yield, and 224 kg P ha−1 resulted in the lowest unmarketable 
tuber yield at combined sites with ≥ 6 soil pH. The results showed that the lowest 
unmarketable tuber yield at all combined sites with < 6 soil pH was obtained at 56 kg P 
ha−1. These results are corroborated by the findings overall unmarketable tuber yield of 
potatoes at all combined sites at < 6 soil pH was lower than all combined sites at ≥ 6 soil 
pH. This occurred because an unmarketable tuber was categorized as a rotten, diseased, 
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insect-attacked, and small-weight tuber. In turn, lower soil pH can reduce disease incidence 
(Rosen and Bierman, 2008). 
 Simultaneously, the number of tubers per plant values did not differ statistically 
among the P application rates. These results are corroborated by the findings of (Fernandes 
et al., 2014; Fernandes and Soratto, 2016). The P application might play an important role 
in increasing the number of tubers because P plays an essential role in photosynthesis, 
cellular energy transfer, and respiration. In turn, P is important for processes related to 
carbohydrate structure and storage in tubers (Hopkins, 2015; Soratto et al., 2015) 
 The combined sites at < 6 soil pH achieved higher total tuber mean weights 
compared to the combined sites at ≥ 6 soil pH. These results are confirmed by Fernandes 
and Soratto (2016), who reported that as P application rates increased, the tuber mean 
weight increased, and there was a positive impact of P rates on the tuber mean weight. This 
was ascribed to P functions in the potato plant. The P plays an indispensable role as a 
component in phosphorylated sugars, nucleic acids, nucleotide, and phospholipids; in turn, 
it is crucial to tuber carbohydrate formation and structure (Fernandes and Soratto, 2016; 
Havlin et al., 2016; Hopkins, 2015; Tize and Zeiger, 2003).  
 The relationship between unmarketable tuber yield and P concentration at all 
combined sites at ≥ 6 soil pH was a negative correlation; this means that the increase in P 
concentration in petioles led to decreased unmarketable tuber yields. This is attributed to 
increasing the marketable yield due to P application rate; in turn, P petioles concentration 
increased, reflected in the tuber yield. Increasing P deter insect attacks, diseases, and small 
tuber sizes by increasing the starch and carbohydrate conformation in tubers (Benjannet, 
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et al., 2018; Fernandes and Soratto, 2016; Havlin et al., 2016; Hopkins, 2015; Rosen and 
Bierman, 2008; Zelalem et al., 2009). 
 The ‘Shepody’ and ‘Superior’ varieties at ≥ 6 soil pH results had their petiole dry 
weights increased as a P concentration-response increased. This is because P is the most 
critical element in the structural component of phospholipids, phosphoproteins, 
coenzymes, nucleic acids, and nucleotides. In turn, RNA is essential in crops and 
vegetables to make proteins and other compounds fundamental for crop structure, genetic 
transfer, and seed yield (Benjannet et al., 2018; Havlin et al., 2016; Hopkins, 2015; Power 
and Prasad, 1997). The P uptake was strongly correlated with petiole dry weight, R2 = 0.75 
and 0.76, for all combined sites at ≥ 6 < soil pH, respectively. This suggests that P 
fertilizer's impact was substantial early in the growing season during the tuber initiation 
stage. Besides, adequate P management improves root growth, and in turn, P uptake could 
be increased (Soratto et al., 2015). The P applications may have improved petiole dry 
weights due to soil pH at optimal ranges (5–6) to provide and enhance P uptake, and due 
to the catalytic role, it is important in enhancing dissolution P uptake from the soil. 
‘Shepody’ has been more responsive to P applications or the availability in the soil under 
field experiments (Benjannet et al., 2018). The P uptake could be linked with preferable 
root geometry, potatoes’ ability to uptake sufficient P from lower or subsoil concentrations, 
potatoes’ ability to make soluble nutrients in the rhizosphere zone, distribution and 
utilization within crops, transport, and balanced source-sink relations (Havlin et al., 2016; 
Hopkins, 2015). The sorption and desorption properties of the soil govern the P uptake by 
potatoes. For example, acidic soils rich in Al and Fe ions would mainly fix and precipitate 
P as an Al-Fe-P component (Fixen and Bruulsema, 2014; Hopkins et al., 2018). 
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2.6. Conclusion 
 This study's objectives were to evaluate the effect of P application rate on the P 
adequacy for total potato yield, specific gravity, and petioles P uptake in acidic soils in 
Northern Maine, USA. At medium and high P levels, yield parameters were inefficient and 
non-responsive to P application rates. Combined sites with < 6 soil pH had some of the 
better yield parameters compared to all combined sites ≥ 6 soil pH with P application rates 
between (56 kg P ha−1), and for all combined sites ≥ 6 soil pH, the best P rates were 0–56 
kg ha−1, even though the 56 kg p ha−1 rate was P-efficient and non-responsive. As a starter 
fertilizer for all combined sites with ≥ 6 soil pH, farmers might apply P at a rate of 56 kg 
ha-1 at the beginning of the growing season due to the cold weather, with the result that P 
mineralization would be a very slow process and potato roots would not develop. We 
recommend that farmers test the soil every 2–3 years to determine soil P availability and 
soil pH. 
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CHAPTER THREE 
PHOSPHORUS TEST IMPLICATIONS ON HIGH - VALUE 
PHOSPHORUS GLACIAL OUTWASH SOILS 
3.1. Abstract 
 Phosphorus is essential for growing potatoes (Solanum tuberosum L.), an 
economically essential crop in Maine. Loss of soil elements, particularly phosphorus (P), 
into watersheds, streams, and lakes, has been associated with declining water quality and 
increasing algal blooms. This study's objective was to develop an agro-economic-
environmental model for potato crops based on the phosphorus saturation indices 1 and 2 
(PSI1 and PSI2) and the percentage of the degree of phosphorus saturation (DPS). A total 
of 12 experiments were conducted in 2018 and 2019, with six different P rates. Depending 
on the data obtained, we differentiated two classifications for soil P and fertility evaluation. 
The Cate-Nelson analysis for this study allowed us to distinguish two P fertility classes: 
Low and High, that is, 0–14.2 and 14.2–43.0 mg P kg-1 soil at the early potato stage and 0–
17.0 and 17.0–42.0 mg P kg-1 soil at potato harvest time, respectively, for the Modified 
Morgan (MM) extractant method and 0–307.2 and 307.2–844.0 mg P kg-1 soil at the early 
potato stage and 0–334.0 and 334.0–845.0 mg P kg-1soil at potato harvest time, 
respectively, for the Mehlich3 (M3) extractant method. The highest robustness value (R2 
= 62.0%) was obtained at potato harvest for the Cate-Nelson analysis with the M3 
extractant method. The DPS, using the logarithmic model, showed that desorbable P 
increased from 16 to 29%. As for partial P budget analysis, the 168 kg P ha-1 treatment 
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achieved the highest marginal rates of return ($943.28). Environmentally and 
economically, the P application rate of 56 kg P ha -1 is the preferred rate. 
3.2. Introduction  
 Potato (Solanum tuberosum L.) is among the most important crops grown in the 
United States of America (Greenway et al., 2011). Maine is ranked ninth among the states 
in area dedicated to potato production, even though yields are lower than in Western and 
Midwestern USA (USDA, 2018). For the past 50 years in Maine, the sustainability of 
potato production has been of concern. Potatoes are grown in low pH soils with high 
phosphorus (P) fixing capacity due to their high concentrations of Fe and Al oxides and 
hydroxides (Ohno et al., 2005, 2007; Penn et al., 2018). P demands are high for potatoes, 
which have a shallow root system in agricultural lands with low soil P utilization efficiency 
(Rosen et al., 2014; Rosen and Bierman, 2008). Several studies have elucidated an 
association between agricultural lands and P eutrophication (Beck et al., 2018; Bocaniov 
and Scavia, 2018). A particular P concentration in soils is necessary to maintain optimal 
agronomic production, but P applied to soils in excess results in its accumulation followed 
by subsequent losses and transport to water bodies, leading to P eutrophication (Wang et 
al., 2019). The challenge in addressing the environmental and economic issues is defining 
the probabilities of potato response to applied P and the risk of translocating P to the 
environment for several P fertility levels (Nyiraneza et al., 2017).  
 Mehlich 3 (M3) extraction (Mehlich, 1984) is necessary for adopting fertilizer 
recommendations for phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and 
some trace nutrients in order to produce maximum yields. The purpose of this test is to 
extract several different P pools that are associated with the value of P that might be 
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available for potato production over the growing season (Mehlich, 1984; Nyiraneza et al., 
2017; Penn et al., 2018). Of the various soil test P methods, P-M3 is the best applied to 
soils in the acidic to neutral range, widespread in the USA's potato-growing regions (Khiari 
et al., 2000; Mehlich, 1984; Richards et al., 1995). The P-M3 extraction has also been 
commonly employed to predict the total P in the runoff, leaching, and soil sediment 
drainage to surface waters (Mehlich, 1984). Past studies and this study point out that P-M3 
is appropriate as a common indicator of soil P fertility and P availability, although it is not 
yet commonly employed by numerous states and soil testing laboratories. However, its 
correlation with maximum crop P requirements and crop performance criteria can be 
affected by saturation indices that have shown more robust correlations with crop P 
requirements than the P-M3 test. P saturation indicators are also useful in limiting the 
environmental hazard of P contamination of water bodies by runoff or drainage in Maine 
(Coolidge, 2004; Lake et al., 2007; Norton et al., 2008) in Canada (Benjannet, et al., 2018; 
Khiari et al., 2017) and the Mid-Atlantic United States (Maguire and Sims, 2002; Sims et 
al., 2002). 
 P saturation indices were adopted and utilized as P fertility criteria for improving 
the P recommendation relationships for many crops in the USA and Canada, including 
cranberry (Parent and Marchand, 2006), corn (Guérin et al., 2007), and potato (Khiari et 
al., 2000). P saturation indices were also utilized to determine the significant amounts at 
which P fertility applications are lost in the environment (Benjannet et al., 2018; Khiari et 
al., 2000; Sims et al., 2002). One P soil index that has been proposed as adequate for 
assessing environmental limits for the Northeastern USA is the degree of phosphorus 
saturation (DPS) (Sims et al., 2002). The DPS is shown to be an appropriate primary 
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indicator of P loss risk potential from agrarian soils to surface waters (Maguire and Sims, 
2002; Nair et al., 2004). The DPS was first used in The Netherlands for evaluating whether 
a soil P concentration would meet the soil capacity to adsorb P. That study found that 
soluble soil P was correlated to DPS (Pautler and Sims, 2000). Nair et al. (2004), suggesting 
that DPS was a better agronomic soil test evaluation to assess different P pool loss than the 
soil test P (Mehlich-1), under three DPS categories: DPSM3 = <30, 30–60, and >60%. Also, 
they found that DPS calculations for all methods were linearly correlated with each other 
with r2 >0.94, DPSox = 20%, DPSM1 = 20%, and DPSM3= 16%. Therefore, these 
relationships showed that DPS might be useful for predicting P loss risk from the soils. 
Recent studies have shown linearity between DPS and soil test P results(Nair et al., 2004; 
Pautler and Sims, 2000; Sims et al., 2002; Xavier et al., 2009; Young and Ross, 2016). The 
soil P saturation indices (PSI1 and PSI2) extracted by M3 method provide an agri-
environmental index for producing agronomically efficient and environmentally sound P 
recommendations (Benjannet et al., 2018; Nair et al., 2004). The PSI (P/Al)M3 is highly 
impacted by the soil pH < 5.5, PSI for critical P saturation indices were identified of 19.2% 
for strongly acidic to acidic soils, and 14.2 % for slightly moderately to slightly acidic soils 
(pH> 5.5). PSI above these values crops does not become responsive to P fertilization 
(Benjannet et al., 2018). 
 The Modified Morgan P (P-MM) is one of many standard soil test methods used in 
the USA (He et al., 2012). It is suitable for acidic soils with high aluminum (Al) and iron 
(Fe) (Ohno et al., 2007) and has been widely utilized in the Northeastern USA in acidic 
and podzolic soils, P-MM is extracting the soluble P only (McIntosh, 1969). The P-M3 
extraction resulted in a higher soil P concentration (40–50-fold) than the P-MM extraction 
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due to using Fluoride (F) in the P-M3 method. P is strongly substituted by Fluoride (F), 
then F might react with Al and Fe. Thus P-M3 could extract adsorbed, desorbed, and 
soluble P (McIntosh, 1969; Mehlich, 1984; Norton et al., 2008; Young and Ross, 2016).  
 The economic analysis enhances the utility of P applications research results. Potato 
growers are highly aware of the cost of inputs, such as agricultural machines, fertilizers, 
seeds, and labor (Boru, 2019). Profitability is an important objective of potato production; 
therefore, improving income is an important consideration leading to adopting new 
agricultural technologies. In Maine, no prior studies investigated the profitability of 
nutrient applications (Halloran et al., 2005; Halloran et al., 2013).  
 This study had three primary objectives: first, to determine the critical value of 
STP-M3 and STP-MM; second, to assess the relationships between Al and Fe soil tests 
with STP; and third, to evaluate phosphorus saturation index1(PSI1), phosphorus saturation 
index 2 (PSI2), and DPS by testing soil P in Maine acidic soils that are high in P according 
to the P-M3 and P-MM methods, and finally, to evaluate the partial phosphorus budget 
effectiveness of applying phosphorus fertilizer for potato production.  
3.3.  Materials and Methods 
3.3.1.  Site characteristics and soil sample analysis  
To study the effect of six P application rates, 12 field experiments were established 
in Aroostook County, Maine, USA, in 2018 and 2019 (Table 2.1). The high and low 
temperature (ºC) and precipitation (mm) data during the growing season are shown in 
Figure 3.1. The field trials were chosen to ensure multiple P fertility levels. Before each 
experiment's initiation, the soil at each site was sampled utilizing a 2-cm-diameter stainless 
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probe. There were three to five subsamples collected at a depth of 0 to 25 cm, which were 
then mixed to form a homogenous sample. Soil samples were air-dried and sifted through 
a 2 mm net mesh.  
 A soil sample was ground using a mortar and pestle to analyze soil pH, organic 
matter, P, N-NO3 -, N- NH4+, and potassium (K) (Table 2.2). Soil samples were analyzed 
by the University of Maine - Orono Soil Laboratory. Soil pH was measured at a 1:1 soil: 
solution ratio (50 g soil:50 mL water). The cation exchange capacity (CEC) was 
determined as the sum of the P-MM and P-M3 extractable cations. Soil organic matter 
(OM) was estimated by using loss of weight on ignition(Storer, 1984). The N-NO3 was 
measured using an automated ion analyzer using a soil: extraction solution ratio of 1:10 (5 
g dried soil:50 mL extractant solution (0.01 M CaSO4 and 2 M KCl)) (Keeney and Nelson, 
1982). The N-NH4 was measured using KCl extraction (Dahnke, W.C.; Whitney, 1988). 
Potassium (K) was determined by MME (McIntosh, 1969); P, Al, and Fe were determined 
using the M3 method. For the M3 method, soils (5 g dry soil or equivalent) were added to 
25 ml of stock solution ((3.75 M NH4F + 0.25 M EDTA (ethylenediaminetetraacetic acid)) 
for each soil sample mixed with 25 ml extraction solution (0.2 N CH3COOH + 0.25 N 
NH4NO3 + 0.015 N NH4F + 0.013 N HNO3 + 0.001 M EDTA), and shaken for 5 mins, then 
filtered through medium porosity filter paper. The filtrate was analyzed using ICP-AES, 
and concentrations of the filtrate elements were estimated using a standard (Mehlich, 
1984). The MME was determined by obtaining 5 g dry soil or equivalent, extracted with 
20 mL of 0.62 N NH4OH + 0.125 N CH3COOH at pH 4.8 for 15 mins (McIntosh, 1969). 
The extract and soil residues were centrifuged at 14,000 X g at 4ºC for 30 mins (McIntosh, 
1969).  
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3.3.2. Experimental Design and Field Trials  
 Each experimental trial was comprised of six treatments and four replications in a 
randomized complete block design. Treatments consisted of six application rates of P (0, 
56, 112, 156, 224, 280 Kg P ha -1) applied in the form of triple superphosphate (0-46-0). 
Nitrogen was applied as urea (46-0-0) in 2018 and as ammonium nitrate (34-0-0) in 2019, 
at rates of 202 kg N ha-1 and 224 kg N ha-1, respectively. Potassium was applied both years 
as potassium chloride (0-0-60) at 224 kg K ha -1. In 2018, the experimental units consisted 
of four rows, each row was 9.1 m long by 0.9 m width; in 2019, the experimental units 
consisted of two rows, each row was 6.1 m long by 0.9 m width spaced at least 0.9 m apart. 
Both years, furrows were compacted by machinery that prevents potato roots (shallow 
roots) from being contacted and keeping the rows (treatments) apart independently.  Seed 
potato spacing within each row was 0.31 m. The furrows were made mechanically, and the 
N, P, and K fertilizers were applied at each of the planting days, banded 5 cm underneath 
the potato seeds. Planting was implemented in May, and the harvest was in September and 
October of each year. The potato seed varieties planted were Russet Burbank (R.B.), grown 
at sites F.V., NS-1, NS-2, W.L., CA-1, CA-2, CA-3, AF-2, AF-4, and L.M.; Shepody (SH), 
grown at AF-1, and Superior (SP), grown at AF-3 (Table 2.1). The potato yield (fresh 
tubers) was measured by harvesting two rows of each plot. The fresh tubers were harvested, 
weighed, and graded mechanically using market categories. The marketable yield was 
determined by adding up weights of tubers over 65 g.  
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Figure 3.1. Climate data during the potato crop growing season: a monthly high and low-temperature 
average (ºC) and precipitation (mm). Source: National Oceanic and Atmospheric Administration, USA 
(NOAA, 2019). 
3.3.3. Soil P saturation  
 The phosphorus saturation index (PSI1) was calculated to build an agro-
environmental model. The PSI1 was calculated using the following equation (Guérin et 
al., 2007; Khiari et al., 2000): 
PSI1 (mg kg-1) = [P (mg kg-1) / Al (mg kg-1)] M3              (1) 
P, Al and Fe concentrations determined using the M3 methods have units mmole 
kg-1, thus PSI2 was calculated using the following equation: 
PSI2 (mmole kg-1) = [P (mmole kg-1) / (Al (mmole kg-1) + Fe (mmole kg-1))] M3      (2) 
The degree of P saturation (DPS) via the M3 extraction method was calculated for all 
sites using the following method of calculation ( Sims et al., 2002):  
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(% DPS) = [P (mmole kg-1) / (Al (mmole kg-1) + Fe (mmole kg-1))] M3 X 100     (3) 
The DPS at all our sites was above the optimum, DPS >11% (i.e., high P sites;  Sims et al., 
(2002); Table 2.2).  
3.3.4 Relative yield calculation 
 Relative yield (RY) percentage can describe the change in yield based on soil 
fertility. It is utilized to homogenize the variability of potato response to P application 
rates. All varieties and all sites are deemed to be in the same model, and total potato yield 
is converted to relative yield. Yield responses to phosphorus application rates were 
calculated based on relative yield (Bai et al., 2013): 
RY (%) = (Yt / Yy) X 100                          (4)  
Where RY is the relative yield (%), Yt is the total potato yield of treatments (Mg ha- 1), and 
Yy is the maximum total potato yield (Mg ha-1) among experiment trials in both 2018 and 
2019.   
3.3.5. Partial Budget Analysis 
 Partial P budget analysis was utilized for the economic analysis of phosphorus 
fertilizer application (Table 3.1). The response of potatoes to the applied phosphorus 
fertilizers and the fertilizer price during planting is necessary to assess phosphorus 
fertilizer application (CIMMYT, 1988). To determine economic criteria, total potato 
yield was valued at an average market price of $0.22($0.216) kg-1 (USDA, 2019) to 
estimate gross field benefits. The economic analysis was calculated as follows 
(CIMMYT, 1988):  
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The adjusted yield was calculated from the average total potato yield adjusted 
downward by 10% to estimate the differences between commercial farms and the 
experiments. 
Adjusted potato yield = Total potato yield X 0.90                   (5) 
Gross field benefits were calculated from multiplying the potato field price by the 
adjusted potato yield.  
 Gross field benefits = adjusted potato yield X potato field price          (6) 
 Total variable cost consists of mean current cost and money spent on fertilizers, 
potato seeds, equipment rental, labor, harvest tractor gas, driving, and operation hours 
(Table 3). 
 Net benefits were computed by subtracting gross field benefits from the total 
variable cost of each treatment (6) 
        Net benefits = gross field benefits – total variable cost            (7) 
 Marginal net benefits were calculated from the benefit differences between the two 
treatments. 
        Marginal net benefits = net benefits in treatment 2 – net benefits in treatment 1    
(8) 
 The same formula was used for the other treatments.  
Marginal rates of return (%) were computed by dividing the change in net benefits between 
the treatments by the change in total variable cost between the treatments and then 
multiplying by 100. 
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Marginal rates of return (%) = ((net benefits in treatment 2 – net benefits in treatment 1) /  
(total variable cost in treatment 2 – total variable cost in treatment 1) X 100)       (9) 
The marginal rates of return are employed to explain what potato growers could expect to 
gain. The minimum return rate is reasonable to potato growers (or any farmers) at 100 % 
(CIMMYT, 1988). In this study, the minimum marginal rates of return above 100%, and 
selecting the minimum acceptable marginal rate of return (CIMMYT, 1988). 
 Table 3.1. Costs of inputs in farm activities  
AN: Ammonium nitrate fertilizer; TSP: Triple superphosphate fertilizer; KCl: Potassium chloride fertilizer.  
Potato seeds price was obtained from the local potato growers. Fertilizer price was obtained from local 
fertilizer providers at the study region (price was the same for study purchased bills). The equipment use, 
labor, harvest potato bags, and transportation bills (based on mileage and gas officially unit) were provided 
by the University of Maine- Aroostook research farm and UMaine Cooperative extension at Presque Isle.      
Items / activity Unit Cost or labor power 
Potato Seeds $ per ha 474.3 
Fertilizer - Urea $ per 50 kg bag 61.73 
Fertilizer-AN $ per 50 kg bag 66.66 
Fertilizer - TSP $ per 50 kg bag 48.50 
Fertilizer KCl $ per 50 kg bag 28.66 
Equipment uses + labor $ for 2018 and 2019 2399.91 
Harvest potato bags $ per bag 2.5 
Transportation potato to research 
destination 
$ for 2018 and 2019 470 
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3.3.6. Statistical analysis 
 Linear and nonlinear relationships were established between soil P, Al, and Fe 
concentration and between soil P saturation indices and degree soil P saturation data. 
Coefficients of determination (R2) were estimated, and the equations that showed the 
highest (R2) were used in the calculations. The simple linear (y = a + bx), power (y = axb), 
logarithmic (y = a +b Ln x ), and quadratic (y = a + bx+cx2 ) models were fitted using 
Microsoft Excel (Microsoft Corporation, USA) and  JMP 14 .1 (SAS Institute, USA) where 
y is the dependent variable, x is the independent variable, and a , b, and c are the equation 
constants. The regression model was utilized to assess the soil P concentration, soil Al 
concentration, soil Fe concentration, PSI1, PSI2, and DPS variables based on the coefficient 
of determination (R2). Critical soil P models were created by applying the Cate-Nelson 
partitioning procedure (Cate and Nelson, 1971) using R studio, version 3.6.3, (r 
companion) package (Mangiafico, 2013). 
3. 4. Results 
3.4.1.  Soil Test Phosphorus partitioning models 
 At the early potato growing stage, the Cate-Nelson graph model revealed that the 
critical levels of soil test P extractant by P-MM and P-M3 were partitioning into four 
models can be indicated by four critical thresholds at the early potato growth stage (tuber 
initiation; 60 days after potato planting day), and potato harvest (120 days after potato 
planting day): 14.2, 307.2, 17, and 334 mg kg-1 (Figures 3.2a, 3.3a, 3.4a, and 3.5a), 
respectively. In Cate-Nelson analysis, graphs can be divided into four quadrants (Figure 
3.2a–3.5a, indicated with Roman numerals); points in quadrant IV represent data values 
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with lower critical values for soil P concentration and relative yield. Points in quadrant II 
represent data values above the critical values for both x and y axes. All points are falling 
into quadrants I and III do not diagnose following the predictive model. These critical P 
values might allow us to partition soil P into two fertility classes: low and high. For the P-
MM method, these two classes might correspond, respectively, to 0–14.2 mg kg-1 and 14.2–
80 mg kg-1 (Figure 3.2a) and 8–17 mg kg-1 and 1-741 mg kg-1 (Figure 13.4a), whereas, for 
the P-M3 method, they correspond to 0–307.2 mg kg-1 and 307.2–900 mg kg-1 (Figure 3.3a) 
and 200–334 mg kg-1 and 334–815 mg kg-1 (Figure 3.5a).  
The economic responses might be improved for the potato to phosphorus fertilizers 
are in the II quadrant of low phosphorus contents, i.e., soil test P extracted by P-MM values 
lower than 14.2 and 17 mg kg-1 or STP extracted by P-M3 values lower than 307.2 and 334 
mg kg-1, which coincide to relative yield from 40 to 95% and from 50 to 95% for both soil 
test P extractants (Figures 3.2a–3.5a), respectively. The optimum limit of 95% for critical 
relative yield was achieved by reducing the number of pair points in the error quadrants: I 
+ II of figures 3.2a–3.5a for P-MM and P-M3, respectively. In contrast, the constant yield 
is found in the II quadrant identical to low probabilities that potato yield responds to 
phosphorus fertilization. In these II quadrants, relative yield values achieve consistency 
ranging from 40 to 95% for the P-MM method and from 50 to 95% for the P-M3 method. 
At harvest soil test P, a Cate-Nelson graph model showed that the critical values determined 
by the P-MM and P-M3 methods were 17 and 334 mg kg-1 (Figures 3.4a and 3.5a), 
respectively. Points in quadrants II represent data above the critical values, and these points 
occur at the early potato growing stage. For the P-MM method, the two-class values may 
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correspond, respectively, to 8–17 mg kg-1 and 17–41 mg kg-1 (Figure 3.4a), while, for the 
P-M3 method, they are 200–334 mg kg-1 and 334–815 mg kg-1 (Figure 3.5a).  
 
Figure 3.2. Statistical and diagnostic model of the Cate-Nelson method classification for Modified Morgen 
at the early potato growing stage representing (a) a Cate-Nelson graph for the critical threshold identified soil 
phosphorus test (mg kg-1); (b) a sum of squares for determination of critical P; (c) performance indices of the 
partitioning model, PPV (positive predictive value), NPV (negative predictive value), R2 (robustness), n 
(number of points), specificity, and sensitivity. 
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Figure 3.3. Statistical and diagnostic model of the Cate-Nelson method classification for the Mehlich 3 
method at the early potato growing stage, representing (a) a Cate-Nelson graph for the critical threshold 
identified soil phosphorus test (mg kg-1); (b) a sum of squares for determination of critical P; (c) performance 
indices of the partitioning model, PPV (positive predictive value), NPV (negative predictive value), R2 
(robustness), n (number of points), specificity, and sensitivity.  
These soil phosphorus critical value thresholds correlate with the plot's high points 
between the sum of squares (SS) and potential soil phosphorus critical values (variable 
concerned). These critical variables made it possible to maximize the experimental trials 
to be divided into two phosphorus critical value groups for both extraction methods (P-
MM and P-M3): a group of soils with low phosphorus critical values having critical 
phosphorus values <14.2, <307.2, <17, and <334 mg kg-1 (Figures 3.2b–3.5b) and higher 
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phosphorus critical values having critical phosphorus values>14.2, >307.2, >17, and >334 
mg kg-1 (Figures 3.2–3.5), higher than these critical values which potato yield response to 
P application rates is unlikely. The SS plots could partition soil phosphorus into two P 
fertility classes for diagnostics: low and high. 
As seen in Figures 3.2c–3.5c, respectively, results showed a robustness R2 of 57.0, 
59.0, 58.3, and 62.0% for both soil P extracts that coincides with the probability to make a 
robust diagnosis for soil phosphorus. For both cases, model robustness was high at harvest 
compared to the early potato stage. The robustness (R2) was calculated as the ratio of the 
number of points in quadrants II and IV to the total number of observations in the four 
quadrants. 
The highest R2 was found at potato harvest for both soil test phosphorus extraction 
methods (P-MM, and P-M3). The R2 values in percentage (58.3 and 62%) (Figures 3.4c 
and 3.5c) mean that, out of 100 diagnoses, 58.3 and 62.0 might be properly classified in 
one or the other soil tests phosphorus groups with low and high response to P application 
rates.  
The specificity (II / (II + I) X 100) represents a percentage of positive points. In 
other words, specificity shows the probability of finding the correct solution (i.e., no more 
P fertilization) regarding all points (observations) with yield stability; as an example, the 
relative yield was >95% for the Cate-Nelson models of figures 8c–11c, and specificities 
were 75.8, 99.0, 70.5, 96.5 % and 63.1% in the early potato stage model (Figures 3.2c and 
3.4c) and the potato harvest model (Figure 3.3c and 3.5c), respectively. 
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Figure 3.4. Statistical and diagnostic model of the Cate-Nelson method classification for the Modified 
Morgen method at potato harvest representing (a) a Cate-Nelson graph for the critical threshold identified 
soil phosphorus test (mg kg-1); (b) a sum of squares for determination of critical P; (c) performance indices 
of the partitioning model, PPV (positive predictive value), NPV (negative predictive value), R2 (Robustness), 
n (number of points), specificity, and sensitivity. 
 A sensitivity [IV / (IV + III) X 100] of 25.8, 7.0, 40.2, and 10.5% (Figures 3.2c–
3.5c) represents that the sites for the particular potato stage whose agronomical critical 
phosphorus thresholds of 25.8 and 40.2% level is <14.2 and 17.0 mg kg -1 for both potato 
stages (Figures 3.2c and 3.4c), respectively, and 7.0 and 10.5% is <307.2 and 334 mg kg -
1 for both potato stages (Figures 3.3c and 3.5c ), respectively, which depicted RY can be 
highly responsive to the P fertilizer (RY <95%) were absolutely diagnosed as IV quadrants.  
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Figure 3.5 Statistical and diagnostic model of the Cate-Nelson method classification for the Mehlich 3 
method at potato harvest, representing (a) a Cate-Nelson graph for the critical threshold identified soil 
phosphorus test (mg kg-1); (b) a sum of squares for determination of critical P; (c) performance indices of the 
partitioning model, PPV (positive predictive value), NPV (negative predictive value), R2 (robustness), n 
(number of points), specificity, and sensitivity. 
 
The positive predictive values (PPV) [IV / (IV + I) X 100] show the probability that 
potatoes might respond to P fertilization when the relative yield is <52.1, 83.3, 48.0, and 
64.3% for both potato stages (Figures 3.2c–3.4c) and when agronomical phosphorus 
critical thresholds are <14.2, 307.2, 17.0, and 334.0 mg kg -1 for both potato stages (Figures 
3.2c–3.4c), respectively, whereas the negative predictive values (NPV) [II / (II + III) X 
100] represent the probability that potatoes might not be responsive to P fertilization and 
this might lead to soil P content might be higher than the agronomic phosphorus critical 
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thresholds values. These NPVs are 60.0% and 58.0% at the early potato growing stage 
(Figures 3.2c and 3.3c) and 63.6% and 61.9% at potato harvest (Figures 3.4c and 3.5c).  
 
3.4.2.  Relationships between soil P concentration extracted by the Mehlich 3 and 
Modified Morgan methods and soil Aluminum (Al) concentration, and soil Iron (Fe) 
concentration at potato harvest  
As shown in Figure 3.6 a and b, the quadratic regression equation between soil 
phosphorus extracted using the M3 method and soil Al and Fe were statistically significant. 
The soil P concentration had a weak correlation with soil Al and moderate correlation with 
Fe concentrations (R2 = 0.20 and 0.53, respectively). Figure 12 c and d show that soil 
phosphorus extracted using the MM method revealed a linear relationship between soil 
phosphorus concentration and soil Al, with the highest R2 = 0.27, compared to the 
correlation between soil phosphorus concentration and Fe, with R2 = 0.14. The R2 = 0.14 
for soil phosphorus concentration extracted via Modified Morgen was too low for the 
responsive model. 
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Figure 3.6.Relationships between soil P concentration extracted by the Mehlich 3 method at potato harvest 
(a) soil Aluminum (Al) concentration, (b) soil Iron (Fe) concentration, and soil P concentration extracted by 
the Modified Morgen method at potato harvest (c) soil Aluminum (Al) concentration and (d) soil Iron (Fe) 
concentration. * Significant at the 0.05 probability level.  
3.4.3. Relationship between phosphorus saturation index 1 and phosphorus 
saturation index 2, degree of phosphorus saturation index, and phosphorus 
concentration at potato harvest  
 The strong statistically linear relationships between PSI1 and PSI2 (Figure 3.7a) and 
the logarithmic relationship between DPS and PSI1 (Figure 3.7b) have a coefficient of 
determinations R2 equal to 0.99 and 0.96, respectively. We developed an evaluation of the 
concept that soil with high DPS is considered a greater risk to water quality. R2 values were 
statistically significant for the soil phosphorus concentration and PSI1, PSI2, and DPS 
(0.80, 0.82, and 0.84), respectively (Figure 3.7c, d, and e). The soil P concentration-DPS 
relationship had a better R2 value (0.84), with a DPS range from 20 to 30%. Soil P 
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concentration was significantly correlated with PSI1 and PSI2 (R2 = 0.80 and 0.82,  
respectively) (Figure 3.7c and d). Furthermore, results showed that in all 2018 and 2019, 
soils at potato harvest, PSI1, DPS, and soil P concentration were well correlated (R2 = 0.99, 
0.96, and 0.84, respectively) (Figure 3.7a, b, and e). 
Figure 3.7. Relationship at potato harvest between (a) phosphorus saturation index 1[P (mg kg-1) / Al (mg 
kg-1)] M-3 and phosphorus saturation index 2 [P (mmole kg-1) / (Al (mmole kg-1) + Fe (mmole kg-1))] M-3; (b) 
degree of phosphorus saturation [P (mmole kg-1) / (Al (mmole kg-1) + Fe (mmole kg-1))] M-3 X 100 and 
phosphorus saturation index 1; (c) soil P concentration (extracted by Mehlich 3 method) and phosphorus 
saturation index 1; (d) soil P concentration (extracted by Mehlich 3 method) and phosphorus saturation index 
2; and (e) soil P concentration (extracted by Mehlich 3 method) and degree of phosphorus saturation.* 
Significant at the 0.05 probability level.  
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3.4.4. Partial Budget Analysis of Phosphorus Application  
 The highest total potato yield (31.90 Mg ha-1) was achieved at 168 kg P ha-1 
compared to the other rates (Table 3.2). Similarly, the adjusted potato yield (28.71 Mg ha-
1) (CIMMYT, 1988), was also higher at the same phosphorus application rate. Not 
surprisingly, calculating gross field benefits showed that the highest value ($6201.36 ha-1) 
was also at the phosphorus application rate of 168 kg P ha-1.  
 The partial budget analysis revealed that the highest net benefits of $ 1420.72 ha-1 
were achieved at a phosphorus application rate of 168 kg P ha-1. The marginal rate of total 
potato yield is a vital criterion in assessing the output (results) of on-farm experiments 
before predicting fertilizer recommendation. The marginal rate calculation must be 
performed by identifying phosphorus treatments with the most favorable return of farmers' 
investments. The optimum marginal net benefits (282.98) were obtained at a phosphorus 
application rate of 168 kg P ha -1. The maximum acceptable, marginal rate of returns was 
recorded (943.28%) at a phosphorus application rate of 168 kg P ha -1, indicating that this 
rate is the optimum economic rate for potatoes.  
Table 3.2. Partial budget analysis of yield Mg ha-1 and P rates kg ha-1 applied on potato crop 
 
 
P rate Yield Mg ha ¯1 
Adjusted 
yield Mg ha-1 
Field price of potato 
$ Mg-1 
Gross field 
benefits $ 
ha-1 
Total 
Variable cost 
$ 
net benefits 
$ ha-1  
Marginal 
net benefits 
Marginal 
rates of 
return % 
0 28.78 25.90 216 5594.83 4690.64 904.19 - - 
56 29.79 26.81 216 5791.17 4720.64 1070.53 166.34 554.48 
112 30.29 27.26 216 5888.37 4750.64 1137.73 67.20 224.00 
168 31.90 28.71 216 6201.36 4780.64 1420.72 282.98 943.28 
224 30.25 27.22 216 5880.60 4810.64 1069.96 - - 
280 30.81 27.72 216 5989.46 4841.64 1147.82 77.86 251.17 
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3.5. Discussion  
 The highest R2 (Model robustness, 62%) was shown at the potato harvest stage, 
with soil test P extracted by P-M3. Therefore, P-M3 can be a credible method for predicting 
both environmental and agronomic P recommendations for potato production (Heckman et 
al., 2006; Khiari et al., 2000). 
 A predictive model's specificity indicates the probability of establishing the right 
decision (no fertilizer) concerning all pooled results with a potato yield stability, i.e., 
relative yield >95%. The highest specificities were obtained at soil test P extracted by the 
P-M3 method for both potato stages; the specificity was especially high at soil test P 
extracted using the P-M3 method at the early potato stage; this might be attributed to the P 
fertilization that was applied during the planting time; besides, P fertilizer, which was 
applied in this study, was triple superphosphate (21% P), which was structured as granular 
fertilizer. As a result, it continued releasing P nutrient to the soil during the potato growing 
season ( Kareem and Akinrinde, 2018; Kareem et al., 2018; Koch et al., 2020). 
A predictive model's sensitivity would reveal that the yield mitigation occurs for 
treatments with soil phosphorus concentrations lower than the critical agronomical 
threshold values of 14.2, 307.2, 17.0, and 334.0 mg kg-1 for figures 3.2a–3.5a, respectively. 
The PPVs are the likelihood of a positive RY to P fertilization when the soil phosphorus 
concentration is less than the critical agronomic thresholds of 14.2, 307.2, 17.0, 334.0 mg 
kg-1 for figures 3.2a–3.5a, respectively. The PPVs are 52.1, 83.3, 48.0, and 64.3% for 
figures 3.2c–3.5c, respectively. The highest PPV was obtained with the M 3 extraction at 
the early potato growing stage; this might be attributed to soil P accumulation, i.e., pre-
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plant phosphorus (Table 2.2) and soil P concentration after P fertilization (Vivekanandanl 
and Fixen, 1990). The NPV values did not show a difference between the diagnostic 
models of the Cate-Nelson method classification for either the STP method. However, the 
highest NPV values were 63.6 and 61.9% for P-MM and P-M3 at potato harvest, 
respectively (Figures 3.4c and 3.5c). The highest NPV values at potato harvest could be a 
likelihood that potatoes do not respond to P fertilizer applications when soil P concentration 
exceeds the critical agronomical thresholds of 17.0 and 334.0 mg kg-1 (figures 3.4a and 
3.5a). The potato harvest stage might be a better indicator of P potato response than the 
early potato stage; this might be attributed to the soil samples collected at tuber initiation 
(early potato stage;60 days after planting) still having soluble P in the soil from the P 
fertilizer applications (Kareem et al., 2018). The P-MM and P-M3 agronomical models at 
potato harvest manifest better statistical parameters (R2 robustness, sensitivity, specificity, 
NPV, and PPV) than at the early potato stage. 
One of this study's goals was to assess the relationships between Al and Fe soil tests 
with STP. This study revealed, based on all 12 sites (in Aroostook County, Maine), that 
the STP extractant using the M3 method was significantly correlated with Al and Fe at 
potato harvest (R2 = 0.20 and R2 = 0.53, respectively) (Figures 3.6 a and b). This might be 
attributed to Al and Fe existing in the form of soil oxides that might adsorb and react with 
anions such as phosphate (Brady and Weil, 2010; Brady and Weil, 2013). This adsorption 
can be increased with soil pH decrease; in this study, pH ranged from 4.9–6.5 (Table 2.2). 
The soils in Maine are Spodosols, which have high Al and Fe sesquioxide contents (Buob 
and Rochette, 2003; Simard et al., 1994). The correlation was positive with the M3 
extraction method and negative with the MM method; this could be attributed to the fact 
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that the M3 extraction method has NH4F (Ammonium Fluoride), which can extract soluble 
(labile-P), adsorbed (non-labile-P), and fixed P (Mehlich, 1984). In contrast, the MM 
method does not include fluoride, so soluble P is the only form extracted (McIntosh, 1969).  
In this study, PSI1, calculated using P-M3 and Al-M3 (Eq. [1]), was plotted against 
the SPI2, calculated using P-M3, Al-M3, and Fe-M3 (Eq. [2]), to test if the comparatively 
small proportion of Fe-M3 compared with [Al-M3 + Fe-M3] was consistent amongst the 
soils (Figure 3.2a). The relationship between PSI1 and PSI2 was highly correlated (R2 = 
0.99). The relationship between PSI1 and PSI2 was consistent across the range in sites soil 
and characteristics used in this project (Table 2.1 and 3.1). The model equation in Figure 
3.7 a (y = 1.3016x – 0.0083) is similar to the model equation y = 1.21x – 0.015 achieved 
by Maguire and Sims, (2002), and to that of y = 1.17x, reported by Khiari et al. (2000) and 
regression model 1.13x – 0.003 obtained by (Sims et al., 2002). The DPS was significantly 
correlated with SPI1 (R2 = 0.96; Figure 3.7b) and thus appeared to be appropriate as an 
environmental STP for Maine’s soils that are strongly acidic to slightly acidic have fine 
texture (Table 3.1), and low organic matter (Buob and Rochette, 2003). Several researchers 
have pointed to the importance of DPS as an environmental soil test P (Khiari et al., 2000; 
Khiari et al., 2017; Maguire and Sims, 2002; Sims et al., 2002). Sims et al. (2002) reported 
that if a DPS-M3[P / (Al + Fe)] >11%, then soil P might not impact potato yields. Thus, no 
P is recommended. In this study, the DPS was 29% (Figure 3.7b). Linear regression 
analysis showed the better fit of data for these 12 sites soil in all cases (R2 = 0.80, R2 = 
0.82, and R2 = 0.84; Figure 3.7 c, d, and e). These indices (DPS, PSI1, and PSI2) would 
characterize the excessive P applications, and soils surpass the critical limit, the risk of P 
  
 65 
losses to watershed bodies, runoff potentials, and soil erosion ( Khiari et al., 2000; Maguire 
and Sims, 2002; Pautler and Sims, 2000; Sims et al., 2002). 
Gross field benefits were impacted by the cost of potato yield in Maine based on 
the 2019 Maine state agriculture overview (USDA, 2019) and adjusted potato yield. Gross 
field benefits increased due to adjusted yield increasing for each treatment. Thus, farmers 
might be able to compare the gross benefits of each treatment (CIMMYT, 1988). The total 
variable cost was calculated using the cost of inputs and labor (Table 3.2). The total 
variable cost and price fluctuated based on the phosphorus fertilizer (TSP) price that was 
used in this experiment. In this study, results revealed that the highest net benefits were at 
a phosphorus rate of 168 kg P ha-1; this can be attributed to the maximum adjusted yield at 
this rate (Saidia et al., 2018). The positive results of marginal analysis are to manifest just 
how the net benefits from the farmers' investment increase as the money amount that is 
invested increases(Boru, 2019; CIMMYT, 1988; Saidia et al., 2018). It is not necessarily 
that the highest yield treatment and net benefits are the best recommendations for farmers 
(CIMMYT, 1988). The best recommendation should fall below the minimum return rate, 
which is 100% (CIMMYT, 1988). In this study, there is no marginal rate of return below 
the minimum rate. The lower marginal rate of return was obtained at 56 kg P ha-1. 
Calculating the marginal rate of return expressed as a percentage, this indicates that for 
every $1.00 invested in fertilizers, seed, equipment rent, and labor, it could recover the 
$1.00 and an additional marginal rate of return (Boru, 2019; CIMMYT, 1988). 
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3.6. Conclusion 
 This study, across several sites in Maine, USA, elucidated that the critical value of 
soil M 3 and MM, determined by the Cate-Nelson analysis method, had a critical value of 
334.0 and 17.0 mg P kg-1 soil at potato harvest time. For both P extractable methods, the 
soil P content in the tested soils was high. P runoff's risk into water bodies is diminished 
when soil test P is less than the critical value thresholds calculated in this study.  The 
investigation into the soil DPS, PSI1, and PSI2, based on M3 extraction, has shown that 
these indices are a useful aid in determining the potential for P losses from agricultural 
lands. DPS extracted by M3 approach is the standard STP that might be the appropriate 
index. This might be a better conformation that shows the high soil P concentration. The 
PSI1 and PSI2 also have the best potential as P's indicators involving in loss potential that 
might probably be associated with a more inclusive P loss determinations tool. Relative 
yield can be used rather than yield itself to eliminate the differences between weather, 
planting time, harvest time, and irrigation methods. This study with recent tools could help 
local potato growers grow their crops in acidic soils such as Spodosols, making it possible 
for them to eliminate P losses and increase P use efficiency by decreasing P fertilizer inputs 
and soil P accumulations and potential risks of water pollutions. The 168 kg P ha-1 
treatment had better acceptable marginal rates of return, but it is not the best. Thus, 
mitigating the environmental risk might require P fertilizers at 56 kg P ha-1 for at least the 
next three years. At a P application rate of 56 kg P ha-1, farmers are still having a profit of 
an additional $5.55. 
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CHAPTER FOUR 
PREDICTING PHOSPHORUS AND POTATO YIELD USING 
ACTIVE AND PASSIVE SENSORS 
 
4.1. Abstract 
  Applications of remote sensing in potato production are increasingly popular 
because of the potential contamination of soil and water due to over-fertilization and the 
requirements to compensate for spatial variability in the field. The objective of this study 
was to assess the utility of active sensors (Crop Circle™ and GreenSeeker™) and passive 
sensors (multi-spectral imaging with UAVs) to predict total potato yield and phosphorus 
(P) uptake. The experimental design was a randomized complete block design with four 
replications and six P treatments ranging from 0 to 280 Kg ha-1 of triple superphosphate 
(46% P2O5). Vegetation indices (VIs) and plant pigments were calculated at various time 
points and correlated with total potato yield and P uptake. Active sensors provided a poor 
prediction of total potato yields, adjusted R2 ranged (0.05 – 0.36 ) for Crop Circle™ and 
ranged (0.02 – 0.57) for a GreenSeeker™, and P uptake,  adjusted R2 ranged (0.07 –  0.62 
) for Crop Circle™ and ranged (0.01 – 0.44) for a GreenSeeker™. Passive sensors 
provided a good prediction of potato yield early in the season, with R2adj ranging between 
0.44 – 0.63. Their predictive values increased dramatically throughout the season, with 
the highest R2adj of 0.63 for the relationship between normalized difference vegetation 
index (NDVI), green normalized difference vegetation index (GNDVI), and chlorophyll 
green(CHLGR) and total potato yield at the first flight date( 25 June), with a log-
transformed response variable (log-transformed models). This study demonstrated multi-
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spectral imaging's potential application by using UAVs to predict total potato yield at the 
early vegetative growth stage with high accuracy. 
4.2. Introduction 
 Phosphorus (P) management is a crucial component of potato production because 
it impacts the plant's early root development and total potato yield (Abbasian et al. 2018; 
Fernandes et al. 2015; Osborne 1999). It also plays a vital role in energy metabolism, 
including the synthesis of adenosine tri-phosphate (ATP) and adenosine di-phosphate 
(ADP) (Havlin et al., 2016). P is also an important component of phospholipids, 
phosphoproteins, nucleotides, and coenzymes (Barker and Pilbeam, 2015). It also regulates 
enzymatic metabolism and activates some enzymes such as phosphatase (Duff et al., 1994). 
Under P stress, plants show stunted growth and dark green leaves (Wang et al., 2018).  
 Present methods for assessing the amount of P available to growing potato plants 
consist of soil sampling and plant tissue sampling, both costly and labor-intensive. The use 
of remote sensing techniques to evaluate nutrient conditions might reduce the amount of 
labor required for sampling, thereby decreasing the costs of nutrient analysis (Mahajan et 
al., 2014; Osborne et al., 2002; Sharma et al., 2016). The use of remote sensing techniques 
could also eliminate the demand for extensive field sampling while still providing an 
excellent method to evaluate nutrient deficiency (Gitelson and Merzlyak, 2004; Osborne 
et al., 2004; Sims and Gamon, 2002).  
 Most Vegetation Indices (VIs) such as normalized difference vegetation index 
(NDVI), inverse infrared vegetative index (IRVI), normalized difference red-edge 
(NDRE), leaf area index (LAI), chlorophyll red-edge (CHLRE), blue NDVI (BNDVI), 
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green NDVI (GNDVI ), chlorophyll green (CHLGR), and anthocyanin (ANTHO) are 
calculated with the use of normalized differences or ratios of two or more bands (Table 3). 
There are several ways to obtain remotely sensed data, including proximal handheld 
devices, aircraft-mounted sensors, satellite images, and aerial photography ( Hunt et al., 
2014; Osborne, 1999). Several studies have recently used multispectral and hyperspectral 
sensors to assess which bands or combinations of bands indicate an individual nutrient 
stress (Carlson and Ripley 1997; Li et al. 2018b). The development of new technologies 
and an improved understanding of cause-and-effect relationships regarding spatial 
variability would lead to better management of applied nutrients, making such measures 
more economically and environmentally sound (Carlson and Ripley, 1997; Osborne et al., 
2004; Zhu et al., 2018). 
 Studies on the application of remote sensing techniques to detect P deficiencies are 
scarce, although attempts have been made in selecting plants to monitor P (Mahajan et al., 
2014). Leaf Reflectance (LR) in the blue band of the Visible Region (VR) of the 
electromagnetic spectrum is a good criterion to evaluate P content in plants (Osborne et al., 
2004). Although P stress had a higher reflectance in the spectrum's yellow and green 
portions, the red edge did not show a regular shift in chlorophyll absorption at the near-
infrared (NIR) region (Milton et al., 1991). It is important to consider the diversity of P 
spectral signatures of plants to perceive the variability in the signature (Shi et al., 2012). 
Based on a previous study, the red-edge band (680–760 nm) can be used to accurately 
predict leaf phosphorus concentration (Li et al. 2018a). Regarding the plant P status, the 
NIR region is more sensitive than the visible region (Mahajan et al., 2014). Although P 
stress decreases the LAI, there is no consistent pattern among different P treatments 
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(Mahajan et al., 2017). The electromagnetic spectrum regions that were more affected by 
phosphorus were in the range of wavelengths between 400–1300 nm (Osborne et al., 2004). 
Reflectance in the blue band (445 nm) and NIR (730 – 900 nm) regions was most suitable 
for P prediction at early growth stages (Osborne et al., 2002). The NDVI is the most widely 
used vegetation index for determining plant health based on red wavelength at 660 nm and 
NIR (700 – 1.200 nm) (Rouse et al., 1974). Many NDVI indices, such as BNDVI and 
GNDVI, based on different wavelengths, have been developed for monitoring P in plants 
(Osborne et al., 2004; Sembiring et al., 1998; Wang et al., 2016). Statistical analysis has 
been successfully used to determine P impact on plant health, using precision agriculture 
tools. For example, multiple linear regression models have been used effectively for 
predicting P concentrations in plants based on reflectance at red edge and NIR (Osborne et 
al., 2002). Linear correlation analysis was used to identify P-responsive wavelength 
regions in rice (Oryza sativa L.) (Mahajan et al., 2017); the results demonstrated that the 
newly proposed narrow bands VIs P_1080_1460 (Phosphorus predicted at near-infrared 
band and middle infrared band) was most potent in retrieving P concentration. Those 
proposed VIs allowed the accurate determination of P concentration levels in comparison 
to VIs such as NDVI, GNDVI, and BNDV(Mahajan et al., 2014, 2017; Osborne et al., 
2004;Sims and Gamon, 2002). The different absorption wavelengths, identical to the 
molecule or structure, might be paired as 460 nm and 670 nm (chlorophylls a and b) or 350 
nm (carotenoids) (Osborne et al., 1993). Using the blue band at 435 nm as a covariate, a 
red-edge/blue band (695/405 nm) ratio provided a good prediction of P in bermudagrass 
[Cynodon dactylon (L.) (Sembiring et al., 1998).  
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 Leaf pigments, including anthocyanins and chlorophylls, are suitable for light 
absorption and reflectance in specific bands or wavelengths and could easily be estimated 
with spectral reflectance (Gamon and Surfus, 1999;Gitelson and Merzlyak, 2004). 
Anthocyanin content provides useful information about leaf physiological and structural 
characteristics (Gitelson et al. 2017; Sims and Gamon 2002). It is a water-soluble pigment 
of higher plants and responsible for plant leaves' red color, protecting them from excessive 
radiation (Gitelson and Merzlyak, 2004). In leaves, a significant accumulation of 
anthocyanin is induced as a result of P stress (Gitelson et al., 2006a). To date, the remote 
sensing techniques for the assessment of pigment contents generally involve LR near the 
VR and NIR absorption maximum of chlorophyll at 675 nm (Carroll et al., 2008; D. A. 
Sims and Gamon, 2002). Phosphorus plays an essential role in carboxylation, which 
increases chlorophyll levels in plant leaves (Soundararajan, 2012). 
 Active canopy sensors have adjusted light-emitting diodes that eradiate a plant 
canopy and estimate a part of the irradiation reflected from the plant canopy with no 
depending on ambient sunlight as utilized in passive sensors (Holland et al., 2012). Even 
though Active sensors are working without solar radiation required, but the choice of the 
light source, a field of view angle, and measuring canopy area could still have a vital effect 
(Barker and Sawyer, 2013; Kipp et al., 2014). The sensing area depends on the sensor’s 
structure due to the light signal is typically collimated, sending light in different angles 
(Kipp et al., 2014). Therefore, for a particular sensor with a specific viewing angle, the 
estimating area variation according to the measuring distance, a potentially substantial 
factor that might influence the rendering of active canopy sensors. However, preserve 
constant reading distance even with fixed sensor position(Kipp et al., 2014). On the farm 
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work, active canopy sensors have been utilized by following the sensors companies’ 
guidelines, which could have to be adjusted to crop production and specific crops (Barker 
and Sawyer, 2013). Recent progress in active canopy sensing has been the expansions in 
Holland Scientific Crop Circle ACS-430 with three optical measurement channels that 
might perform in several potential spectral vegetation indices. The most advantageous 
wavelengths and vegetation indices vary for various crop biophysical parameters and 
growth stages (Hatfield and Prueger, 2010;Li et al., 2010; Tong et al., 2013). Several 
indices, particularly those with red-edge bands, might result better than the NDVI for 
estimating crop nutrient status (Cao et al., 2015; Eitel et al., 2010). The CC-430 has a red-
edge (730 nm), which allows this device to calculate various red edge-based vegetation 
indices that have been regularly displayed to implement well for estimating nutrient status 
(Li et al., 2012). Several studies have compared GreenSeeker with Crop Circle ACS-210 
or ACS-470 (Cao et al. 2015, 2016; Shaver et. al.,  2010). Though, studies with the Crop 
Circle ACS-430 active sensor are limited, especially with phosphorus status. The Crop 
Circle ACS-430 sensor should be more evaluated and examined because it has the unique 
characteristics of gathering spectral reflectance measurements recommended by the 
(Holland Scientific). Other ambient factors that might impact the sensor accomplishment 
are temperature and solar radiation/lighting. Both air temperature and solar radiation might 
influence the sensor's temperature, and then the device temperature would vary widely on 
measurement times with changing sunny or cloudy days. 
 Unmanned aerial vehicle (UAV) is an important application in production 
agriculture such as nutrient management, weed detection, crop yield loss estimation, 
disease scouting, crop biomass determinations, and crops phenotyping (Wang et al., 2020); 
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there is an increasing scope of using sensors to apprise researchers and farmers about 
nutrient status. Therefore, there is a good opportunity to apply passive multispectral sensors 
(Maresma et. al.,  2018). 
 In this context, the objectives of this study were to: (1) compare active and passive 
sensor efficiency in detecting potato P deficiency, total potato yield, and P uptake; (2) 
employing a log-transformed response and explanatory variables (log-transformed models) 
to enhance the multiple linear regression models; and (3) develop multiple linear regression 
models to assess and evaluate the best growing date to detect the P stress. 
4.3. Materials and Methods 
4.3.1.Site description 
 Twelve sites were set up on potato farms in Aroostook County, Maine, USA, in 
2018 and 2019 (Tables 2.1 and 3.1). The potato cultivars, selected by the respective 
farmers, were Russet Burbank, Shepody, and Superior (Table 2.1). Pesticides and 
herbicides were applied by the farmers as recommended by the University of Maine – 
Cooperative Extension at Presque Isle, Maine. The experimental design at all sites was a 
randomized complete block design with four replications and six P treatments: 0, 56, 112, 
168, 224, and 280 Kg ha-1 applied as triple superphosphate (46% P2O5). In 2018, each 
experimental unit (plot) was 9.1 m in length and 3.6 m in width, and the rows were spaced 
at least 0.9 m apart. Nitrogen (N) and potassium (K) were applied equally for all P 
treatments, with 202 kg N ha-1 as urea (46% N) and 224 kg K ha-1 as KCl (61% K2O). In 
2019, the same P application rates and resources were applied, and each experimental unit 
(plot) was 6.1 m in length and 1.8 m in width; the rows were spaced at least 0.9 m apart. 
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Nitrogen was applied equally for all P treatments, with 224 kg N ha¯1 as ammonium nitrate 
(34% N); K was applied equally for all P treatments as in 2018. Fertilizers were mixed and 
applied by the replacement method at planting. 
4.3.2.  Soil sampling and analysis 
 Before planting, soil samples were collected from twelve sites (Table 2.1) using a 
2.5-cm diameter hand probe to a depth of 20 cm for pH, organic matter, P, N-NO3-, N-
NH4+, and K analysis (Table 2.2 and 3.1). The soil samples were air-dried and ground to 
pass through 2-mm sieves. Soil pH was estimated using a 1:1 soil: deionized water solution 
and a pH meter with an appropriate electrode (s) (Mclean, 1983); the organic matter was 
determined using loss of weight on ignition (Storer, 1984); P was measured by Mehlich 3 
extraction using Mehlich 3 stock solution (3.75 M NH4F + 0.25 M EDTA 
(ethylenediaminetetraacetic acid)) with extraction solution (0.2 N CH3COOH + 0.25 N 
NH4NO3 + 0.015 N NH4F + 0.013 N HNO3 + 0.001 M EDTA), followed by analyzing 
the filtrate via the Inductively Coupled Plasma (ICP) method (Mehlich, 1984). The P and 
K levels were determined by Modified Morgan Extraction (MME), using MME (0.62 N 
NH4OH + 1.25 N CH3COOH), and estimated within the linear range on the ICP. The N-
NO3- was measured by using an automated ion analyzer and the recommended ratio of 1:10 
(5 g soil; 50 ml extractant (0.01 M CaSO4, 2 M KCl)) (Keeney and Nelson, 1982). The N-
NH4+ was measured via KCl extraction (Dahnke and Whitney 1988). The University of 
Maine Soil Laboratory analyzed soil samples. 
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4.3.3. Plant sampling and analysis 
 Four petioles and leaflets (whole leaves) were collected from four plants in each 
sub-plot for phosphorus analysis. The petioles and leaflets were taken from the fourth and 
fifth fully expanded leaves from the plant top (Westermann and Kleinkopf, 1985),  dried 
in an oven with air circulation at 65°C for 96 h, and ground. Subsequently, the samples 
were turned into ash at 550°C for 5 h in a muffle furnace. The obtained ash was dissolved 
in 50% HCl on a hot plate and analyzed using ICP (Chapman, 1961.; Pratt, 1961; Kalra 
and Maynard, 1991). The University of Maine Soil Laboratory analyzed plant samples. 
Phosphorus uptake (kg ha-1) was calculated by multiplying dry matter of petioles and 
leaflets by the percentage of phosphorus content (%) as following 
Phosphorus uptake (kg ha-1)  
=  
4.3.4.  Potato Harvest   
 At the harvest time (after 130 to 140 days from planting; Table 2.1), the tubers were 
dug using a two-row digger and then handpicked manually, and individual plots were 
harvested separately to remove the impacts of the border. Fresh tubers were graded and 
weighed to determine the total potato tuber yield (Mg ha-1).  
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4.3.5.  Sensor description and sensing procedure  
4.3.5.1. Active sensors 
 We used the sensors Green Seeker TM (GS; Trimble Navigation Limited, 
Sunnyvale, CA, USA) and Holland Scientific Crop Circle™ ACS 430 (CC; Holland 
Scientific, Inc., Lincoln, NE, USA). The GS sensor was used to measure incident light and 
reflected light from plants at 660 ± 15 nm (Red) and 770 ± 15 nm (NIR) to obtain NDVI 
and IRVI (Xing et al., 2018) (Table 4.1). Sensor readings were downloaded by connecting 
the sensor to a laptop computer. The CC sensor was simultaneously used to measure 
crop/soil reflectance at 670 nm, 730 nm, and 780 nm. The data were collected using a 
Holland Scientific GeoSCOUT GLS-400 datalogger and downloaded to a laptop computer. 
The CC yielded several vegetation indices such as NDRE (normalize differences red-edge), 
NDVI, and leaf area index (LAI), obtained as sensor output, chlorophyll red-edge (CHLRE) 
(Table 4.1). 
 The GreenSeeker (GS) emits two wavelengths of reflectance light; 660 15 nm (red 
band) and 770  15 nm (NIR band). The GS active sensor light would be emitted from 
diodes in alternate bursts. Thus the red band pulses for 1ms (1 millisecond) and the NIR 
band diode source pulses 1 ms (1 millisecond) at 40000 Hertz. Each burse from the diodes 
would obtain up to ~ 40 pulses before pausing for the other diode to emit its radiation (Plus 
40 pulses). The lighted area is 60 – 1 cm, with the extending dimension positioned 
vertically to the GS sensor's direction in the field movement.  
 The CC-430 active sensor, which incorporates three fixed wavebands. The field of 
view (FOV) was an oval of ~ 30° by ~ 14° range. The readings would be collected at one 
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measurement height (60 cm) above the potato canopy at 10 Hertz (10 readings/second) 
when moving at a constant speed in each experimental unit. The sensor path was parallel 
to the potato rows with the beam of reflected light positioned vertically to the potato rows.            
 Each sensor recorded about 45–60 readings during one passing through the plot and 
collected readings from the two middle rows. The reading values were averaged and 
organized using in-house Excel macro option for Visual Basic. 
4.3.5.2 Passive sensors 
4.3.5.2.1. UAV image acquisition and processing  
 In 2018, two DJI Phantom 4 UAVs (Fig. 4.1a) were used for image acquisition. 
One had a NIR camera/sensor and was used to obtain NIR images (Fig. 4.1b) and the other 
had a regular cameral/sensor used to collect visible-color images of red, green, and blue 
bands (Fig. 4.1c). The gimbal controls the UAV movement (pitch and roll) through all the 
flight (Bendig et al., 2013).  
 In 2019, A DJI Inspire 2 UAV with a portable Altum multispectral sensor was used 
to collect multispectral data (Fig. 4.1d). Figure 1e shows how the Altum sensor integrates 
a radiometric thermal camera with five high-resolution narrow bands and produce 
advanced thermal multispectral and high-resolution imagery in one flight for advanced 
analytic spectral bands: blue (475 nm center, 20 nm bandwidth), green (560 nm center, 20 
nm bandwidth), red (668 nm center, 10 nm bandwidth), red-edge (717 nm center, 10 nm 
bandwidth), NIR (840 nm center, 40 nm bandwidth), and thermal (LWIR thermal infrared 
8,000 to 14,000 nm, radiometrically calibrated). Altitude was 75-80 meters, flight duration 
was based on the field size, which was between 8 to 12 minutes, the resolution was 3.2 cm 
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pixels-1, overlap was 90/90, image count was 86 to 112 images, depending on the distance 
of the field, and maximum speed was 2.7 meters/second. The flight was performed between 
10:00 am and 2:30 pm local time in the study area. 
 A certification of authorization was obtained from the United States Federal 
Aviation Administration (US-FAA) for DJI Phantom 4 and DJI Inspire 2 flights. In 2018, 
images were taken by a Sony 4K camera with a 12-megapixel 1/2.3” complementary metal-
oxide semiconductor (CMOS) sensor (4,000 × 3,000 pixels). Both camera settings were 
maximum wide-angle identical to a 28 focal length (35 mm format equivalent), auto 
exposure bracketing, auto speed, autofocus, auto white balance, f/2.8 aperture, and focus 
at ∞. 
Figure 4.1. (a) Two DJI Phantom 4 UAVs used in 2018; (b) Drone is flight with a NIR camera; 
(c) Drone is flight with a RGB camera; (d) DJI Inspire 2 drone and Altum sensor; (e) Altum sensor. 
 In 2019, the Inspire 2 was equipped with an Altum sensor with a spatial resolution 
of 5.2 cm per pixel (per EO band) at 120 m (~ 400 ft) AGL (above ground level), 81 cm 
per pixel (Thermal) at 120 m, 1 capture per second (all bands), 12-bit RAW, FOV (Field 
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of View) 48˚× 37˚ (Multispectral), 57˚ × 44˚ (Thermal); FL (Focal Length) 8 mm 
(Multispectral), 1.77 mm (Thermal). 
 Acquisition points were generated in the field and used as a waypoint for the flight 
path. In each flight operation, a steady ambient lighting condition was attempted (sunny 
days). In all flight campaigns, Map Pilot for DJI was used. Maps and waypoints were 
generated and saved for the following flights. For the Altum sensor, a calibrated reflectance 
panel was used to calibrate images. 
 An ortho–mosaic was created from images in 2018, using the Pix4DMapper 
software (Pix4D mapper, Lausanne, Switzerland; (Pix4Dmapper, 2019) and the Agisoft 
Metashape professional software 1.6.3 (Agisoft Metashape, 2020) to process the images 
from 2019. Rectifications to the camera’s view distortions were performed, and the images 
were stitched together to a geo-referenced ortho-mosaic (GeoTIFF). The GeoTIFF image 
for each flight was uploaded in ArcGIS (Version 10.4; ArcGIS 10.4, 2019). In ArcGIS, 
polygons were generated to represent each experimental plot (Fig. 4.2). All processing was 
performed with an HP laptop, with a 4-core Intel10TH Gen i7-1065G7 CPU @ 1.30 HGz 
(Max 1.5 GHz), 16 GB memory- 1TB SSD+32GB Optane, and NVIDIA GeForce RTX 
2070 GPU. 
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Figure 4.2. Experimental field at the early leaf stage: (a) black boxes indicate experimental plots, and 
white boxes within the black boxes indicate buffer area for each plot and for two middle rows; (b) boxes 
indicate NDVI for all pixels and plots; (c) non-plant pixels were removed from the image using 
reclassification; (d) non plant pixels are excluded by multiplying (c) by (b) to obtain NDVI image just 
for plant pixels ; (e) NDVI values for each plot (average of two middle rows) in the field, in this photo, 
zonal statistics (Spatial Analyst) in Arc GIS which is showed in this photo to differentiate the 
experiment plots. In our study, we used zonal statistics as a table to obtain the means values. The same 
procedure was done for all passive vegetation indices and plant pigments. 
4.3.6. Visible bands and NIR vegetation indices 
Digital numbers (DN) were calculated by converting *.TIF files to float files 
(*.FLT) (Fig. 4.3). The VIs equations in Table 4.1 were used as input to the raster calculator 
to calculate VIs. To acquire the average for each plot (two middle rows), we used the 
command ‘Zonal statistics as a table.’ These processes were repeated for all VIs and each 
ortho-mosaic photo (GeoTIFF) by employing an iterator. 
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NDVI: Normalized difference vegetation index;  NDRE : Normalized difference red-edge; CHLGR: 
Chlorophyll green; CHLRE : Chlorophyll red-edge ; BNDVI: Blue normalized difference vegetation index ; 
GNDVI: Green normalized difference vegetation index; ANTHO : Anthocyanin ; R : Red band ; G : Green 
band ; B : Blue band ; NIR: Near infrared;  CC : Crop Circle sensor ; GS : Green Seeker ; IRVI : Inverse 
infrared vegetative index UAVs: Unmanned Arial vehicles . 
Figure 4.3. Data processing workflow for GeoTIFF from RGB, NIR, and thermal Altum sensor 
images captured by Phantom DJI and Inspire 2. 
 
 
Table 4.1. Summary of the spectral reflectance data used in this study. 
Vegetation 
indices Formula 
Vegetation 
Index 
Resource 
Citations 
NDVI 
(NIR-R) 
/(NIR+R) 
CC, GS, and 
UAVs 
 (Rouse et al. 1974) 
NDRE 
(NIR–Red-
edge)/(NIR+Red-
edge) 
CC ( Gitelson andMerzlyak, 1994) 
CHLGR (NIR/G)-1 UAVs (Gitelson and Merzlyak, 2004) 
CHLRE  (NIR/Red-edge)–1 CC (Gitelson and Merzlyak, 2004) 
BNDVI (NIR-B)/(NIR+B) UAVs (Wang et al. 2007) 
GNDVI 
(NIR–
(G/(NIR+G) 
UAVs (Wang et al. 2007) 
ANTHO R/G UAVs ( Sims and Gamon, 2002) 
IRVI R/NIR GS (Junior et. al.,  2016; Xing et al. 2018) 
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4.3.7. Statistical analysis  
 Before implementing any multiple linear regression (MLR), and aiding in the 
selection of the model, we tested the exploratory (predictors) variables (X-axis) and the 
responses (y-axis). In this study, the responses represented as total potato yield and the P 
uptake. As interpreted from the handheld and drones, both Active and Passive sensors 
showed some skewing degree, indicating the potential benefits of data diagnostics and 
transformation, such as a log transformation. Thus, the advantages were to identify and 
overcome the nonlinearity and nonconstant. All this study data was implemented by using 
RStudio software (Version 1.3.1073). We divided data into two models: the untransformed 
model, which is the original model with no transforming to show the differences between 
untransformed and transformed models, and to check if the model can be improved not, 
this can be suitable for interpreting. 
4.3.8. Multiple Linear Regression Model Diagnostics  
 In model diagnostic, some tools have been used to select a valid model. Using fitted 
values and residuals to assess linear relationship assumptions. Without clear patterns are 
showing that a well linear relationship. Normal Q-Q was employed to examine whether the 
residuals were normally distributed; thus, the good of residuals points follow the strait 
dashed line. In propose to diagnose the model, r packages such as StanRes,mfrow, abline, 
qqnorm, and qqline were employed. 
4.3.9. Criteria for Evaluation Subset of Predictor Variables 
 Both models, untransformed and transformed models, were evaluated by 
employing five criteria used to increase the total potato yield and P uptake models' 
prediction performance by excluding unnecessary factors and choosing significant factors 
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(Yu et al., 2016). Some criteria were used for evaluating subsets of predictor variables, 
such as:  
4.3.9.1.  Adjusted R2 = R2 adj  
         R2adj=            [Eq.1] 
 
         SSE =                [Eq. 2] 
 
        
           SST =                [Eq. 3] 
Where R2adj represents the adjusted R2, SSE (Error sum of squares), yi is the ith observation, 
n is the number of observations, y is the mean of the n observations, SST (Total sum of 
squares), y is the predicted value of y. p is the number of predictors. R2adj was implemented 
in r as a Rsq.adj package.  
4.3.9.2.  Akaike’s Information Criterion AIC  
  
AIC = (n log (SSE / n) +2p + other terms        [Eq. 4]  
 
Where n is the number of observations, SSE is the error sum of square, p is number of 
predictors. Other terms are independent of the error sum of squares and p. The smaller AIC 
values are considered, the better model.  
_ ^ 
_ ^ 
_ 
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The AIC package implemented in r software as: AIC<- sapply(1:m, function(x) 
round(extractAIC(om[[x]],k=2)[2],2)). The other terms are independent of SEE and P, they 
are the same for every model. 
 
4.3.9.3. Corrected Akaike’s Information Criterion AICc   
 AICc is developed to overcome the model complexity when AIC is not strong 
enough. In the multiple linear regression model, AICc as shown in equation 5: 
 
AICc = AIC +           [Eq. 5] 
Where n is the number of observations, p is the number of predictors. The r package 
sapply(1:m, function(x) round(extractAIC(om[[x]],k=2)[2]+2*npar[x]*(npar[x]+1)/(n-
npar[x]+1),2)) was used in r code.   
 
4.3.9.4.  Bayesian Information Criterion BIC   
 The BIC is often used to select variables in multiple regression problems. In this 
study, BIC used to determine the best model (where regression models are a variable 
subset). BIC can be obtained as the follow’s equation  
BIC = - 2 log L (ß0, …., ßp, ó2MLE|Y) + K log n       [Eq. 6] 
Where K = p+2, the number of parameters estimated in the regression model. MLE is the 
maximum likelihood estimation used to estimate probability distribution parameters by 
maximizing a likelihood function.  
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4.3.9.5.  Prediction Sum of Squares PRESS  
 The PRESS is used to provide a summary measure of the fit of the multiple linear 
regression model to a sample of observations. Using the fitted regression function to obtain 
the predicted value. PRESS is shown in equation 7  
PRESS =          [ Eq. 7]  
 Where  is the predicted value for the ith subject,  is the prediction 
error for the ith subject.  
4.3.10.  Generalized Linear Model (GLM) 
 For GLM, we first tested the overall correlation between total potato yield and the 
vegetation indices for active and passive sensors. In the untransformed model, we selected 
the best predictors, which significantly differed and excluded the non-significant predictors 
to increase the adjusted R2 and minimize the subsection variables. The approach was used 
with the transformed model. Secondly, we used the backward and forward in the 
transformed model. Backward and forward stepwise regression was used with all 
vegetation indices for active and passive sensors to guide which model might have the 
minimum AIC and BIC in predicting total potato yield and phosphorus uptake. Finally, 
models were established based on the maximize adjusted R2 and minimize all possible 
selections. These vegetation indices were used to predict total potato yield and phosphorus 
uptake based on GLM, as shown in Equation (8): 
 Yi = β0 + β1Xi1 +..…….+βnXin+εi.          [Eq. 8] 
Where Yi indicates to the response variable, Xn represents the predictor variables, β0, β1, 
and βn are the parameters of the model, and εi is the error term.  
^ 
^ ^ 
_ 
_ 
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4.3.10.1.  Active senros transformation models based on Generalized Linear Model 
(GLM) 
 Active sensors vegetation indices were correlated linearly amongst the predictors 
and the dependent variables as shown in Equations 9 and 10 for Crop Circle sensor outputs:  
Total potato yield = β0 + β1 NDRE + β2 NDVI + β3 CHLRE + β4 LAI      [Eq. 
9]  
Phosphorus uptake = β0 + β1 NDRE + β2 NDVI + β3 CHLRE + β4 LAI     [Eq10]  
And for Green Seeker active sensor is shown in Equations 11 and 12: 
Total potato yield = β0 + β1 NDVI + β2 IRVI                            [Eq. 11]  
Phosphorus uptake = β0 + β1 NDVI + β2 IRVI                            [Eq. 12] 
The transformation model was used based on Box Cox transformation approach 1 for Crop 
Circle active sensor. We applied response and exoplanetary log-transformed models,  
Log Total potato yield = β0 + β1 log NDRE + β2 log NDVI + β3 log CHLRE + 
β 4 log LAI [Eq. 13]  
Log Phosphorus uptake = β0 + β1 log NDRE + β2 log NDVI + β3 log CHLRE + 
β 4 log LAI  [Eq. 14]  
For the Green Seeker active sensor, the same approach was used, as shown in Equations 
15 and 16 : 
 Log Total potato yield = β0 + β1 log NDVI + β2 log IRVI      [Eq. 15]  
    Log Phosphorus uptake = β0 + β1 log NDVI + β2 log IRVI          [Eq. 16]  
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4.3.10.2.  Passive sensors transformation models based on the Generalized Linear 
Model (GLM)  
 For passive sensors vegetation indices, the multiple linear regression was generated 
as shown in Equations 17 and 18  
Total potato yield = β0 + β1 NDVI + β2 GNDVI + β3 BNDVI + β4 CHLGR + 
β5 LAI    [Eq. 17]  
Phosphorus uptake = β0 + β1 NDVI + β2 GNDVI + β3 BNDVI + β4 CHLGR + 
B5 LAI   [Eq18] 
Due to the low vegetation indices values in passive sensor compared to the active sensors, 
we used just the response log, as shown in Equations 19 and 20: 
Log Total potato yield = β0 + β1 NDVI + β2 GNDVI + β3 BNDVI + β4 CHLGR 
+ β5 LAI   [Eq. 19]  
Log Phosphorus uptake = β0 + β1 NDVI + β2 GNDVI + β3 BNDVI + β4 CHLGR 
+ β5 LAI   [Eq 20] 
4.4. Results 
 Several mathematical models for indirect determination of phosphorus in potatoes 
have been established, as explained in this paper's introduction section. Our results were in 
agreement with previous findings. 
4.4.1. Active sensor 
4.4.1.1. Crop Circle 
4.4.1.1.1 Total potato yield and phosphorus uptake models  
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 The total potato yield was obtained for all sensing dates after performing a stepwise 
regression, and the adjusted R2, P-value, AIC, AICc, BIC, and PRESS were used to 
evaluate and validate the model performance (Table 4.2). The variables that most impacted 
total potato yield were NDRE, NDVI, and CHLRE. 
 The models for the first sensing date (25 June) and the last significant sensing date 
(1 August) showed the highest adjusted R2 values (0.36 and 0.31), respectively, compared 
to the other sensing dates to estimate total potato yield. The model at the last significant 
sensing date (1 August) was improved after transforming (R2adj= 0.32). The lowest adj R2 
values (0.10, 0.10, and 0.10) were obtained for the fourth, sixth, and seventh sensing dates, 
12 July, 22 July, and 25 July, respectively. At the first sensing date (25 June), the multiple 
regression model was applied to the test data set, and the best R2adj(0.36) and the minimum 
AICc (462.60),  BIC (476.34) values were achieved. Several models were improved using 
the transformation method. The models from the fourth sensing date (12 July) to last 
significant sensing date (1August) were improved using the transformation method. 
Although some of the transformed models R2adj are still at low values, they have improved. 
However, all final regression models were statistically highly significant (all p-values < 
0.0001, except the untransformed model on 22 July.   
 The P uptake models attained from multiple linear regression (MLR) used in this 
study showed that the third sensing date achieved the highest adj R2 value (0.60), P- value 
(<.0001), and the lowest validation criteria such as AIC (78.36), AICc (78.66), BIC (96.68), 
and PRESS (378.00). The fourth and fifth sensing dates showed a weak correlation between 
the response variable (P uptake) and predictors (NDVI, NDRE, LAI, and CHLRE). The 
fourth sensing date (12 July) revealed that NDVI was the only vegetation index impacted 
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by P uptake, which obtained adj R2 (0.32), P- value (<.0001), and validation criteria such 
as AIC (232.61), AICc (232.75), BIC (243.60), and PRESS (643.97). There were no 
responses for the last six sensing dates, August 1 to 23 (Table 4.3). The third sensing date, 
which is the first significant sensing date (09 July), was the only model that responded to 
the log-transformed response variable, and the R2adj was improved from 0.60 to 0.61.  
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Table 4.2. Total potato yield models with the adjusted coefficient of determination (R2adj) , P – value, AIC, AICc, BIC, and PRESS     
                  for  Crop Circle. 
 
ACTIVE 
SENSING 
Model 
Transformatio
n 
Model R2adj P - Value AIC AICc BIC PRESS 
25 June 
Untransforme
d Model 
Yield= 43.47-13018.16NDRE + 184.89 NDVI 
+6254.57 LAI – 2353 CHLRE 
0.36 <.0001 462.60 463.14 476.34 5810.70 
Transformed 
Model 
log Yield =1.4055 – 1.0264 log (NDRE) – 
1.1538 log  (NDVI) +  1.2319 log (CHLRE) 
0.29 <.0001 -321.24 -320.51 -307.30 8.24 
1 July - No significant equation - - - - - - 
9 July - No significant equation - - - - - - 
12 July 
Untransforme
d Model 
Yield = 35.18+235.42 NDRE -75.41 NDVI – 
85.59 LAI +69.72 CHLRE 
0.10 <.0001 1206.65 1206.95 1224.97 18935.50 
Transformed 
Model 
log Yield =1.4055- 1.0264 log (NDRE) – 
1.1538 log (NDVI) + 1.2319 log (CHLRE) 
0.15 <.0001 -751.81 -751.51 -733.49 21.18 
18 July 
Untransforme
d Model 
Yield = 73.62+308.90NDRE-49.16NDVI-
390.37LAI+282.02 CHLRE 
0.05 0.001 613.81 614.10 632.12 10212.22 
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Transformed 
Model 
log Yield = 2.9995 – 6.0205 log (LAI) + 
5.0766 log (CHLRE) 
0.10 <.0001 - 732.97 - 732.76 721.98 22.46 
22 July 
Untransforme
d Model 
Yield = 30.785 + 22.326 NDRE – 85.739 
NDVI 
0.10 0.0040 8.16 848.45 856.61 3205.26 
Transformed 
Model 
log Yield = -3.442 – 5.034 log (NDRE) – 
4.416 log (LAI) + 8.481 log  (CHLRE) 
0.23 <.0001 -313.20 -312.47 -301.33 8.88 
25 July 
Untransforme
d Model 
Yield = 15.363 +118.08 NDRE – 24.02 NDVI 0.10 <.0001 1205.52 1205.66 1216.51 18852.67 
Transformed 
Model 
log Yield = 3.8273 + 0.6015 log (NDRE) – 
0.8466 log ( NDVI) + 0.3850 log (LAI) 
0.11 <.0001 -739.30 -739.09 -724.65 22.01 
1 August 
Untransforme
d Model 
Yield = 50.38 – 449.03 NDRE + 41.97 NDVI 
+ 53.31 CHLRE 
0.31 <.0001 1132.39 1132.60 1147.04 14534.85 
Transformed 
Model 
log Yield = -5.1378 – 6.4729 log (NDRE) + 
1.7950 log (NDVI) + 3.7054 log (LAI) 
0.32 <.0001 -818.74 -818.52 -804.08 16.74 
5 August - No Significant equation - - - - - - 
13 August - No Significant equation - - - - - - 
16 August - No Significant equation - - - - - - 
20 August - No Significant equation - - - - - - 
Table 4.2. continued 
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23 August - No Significant equation - - - - - - 
Table 4.2. continued 
NDVI: Normalized difference vegetation index; NDRE: Normalized difference red-edge; LAI: Leaf area index; CHLRE: Chlorophyll red-edge; Akaike’s 
Information Criterion (AIC); Akaike’s Information Corrected Criterion (AICc), and the Bayesian Information Criterion (BIC). PRESS: Prediction sum of 
squares.*Significantly different at P < 0.05. 
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Table 4.3. Phosphorus uptake (kg ha-1) models with adjusted coefficients of determination (R2adj), P – value, AIC,   
                 AICc, BIC, and PRESS for Crop Circle. 
ACTIVE 
SENSING 
Model Transformation Model Adj R2 P - Value AIC AICc BIC PRESS 
25  June - 
No significant 
equation 
- - - - -  
01  July - 
No Significant 
equation 
- - - - -  
09   July 
Untransformed Model 
PU =2.36  - 283.44 
NDRE + 38.84 
NDVI + 122.80 
LAI – 74.58 
CHLRE 
0.60 <.0001 78.36 78.66 96.68 378.00 
Transformed Model 
log PU= 4.8175 + 
2.4835 log 
(NDRE) + 2.3266 
0.62 <.0001 - 428.96 -428.75 -414.31 66.01 
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log (NDVI) – 
4.1608 log (LAI) 
12 July 
 
 
 
Untransformed Model 
PU = 5.7030 
+19.8137 NDRE – 
13.6055 NDVI 
0.32 <.0001 232.61 232.75 243.60 643.97 
Transformed Model 
log PU = - 0.1454 – 
1.1422 log (NDVI) 
0.28 <.0001 - 245.71 245.62 238.38 122.32 
18 July 
Untransformed Model 
PU = 4.915 -
118.070 NDRE 
+73.902 LAI – 
43.421 CHLRE 
0.26 <.0001 264.89 265.10 279.54 702.90 
Transformed Model 
log PU = -19.180 – 
14.841 log 
(NDRE) – 10.736 
log (CHLRE) + 
22.227 log (LAI) 
0.23 <.0001 -224.50 -224.28 -209.84 131.69 
22   July  
No significant 
equation 
- - - - -  
Table 4.3. Continued 
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25 July 
Untransformed Model 
PU =10.59  - 37.47 
NDRE – 3.98 
NDVI + 4.49 LAI 
0.10 <.0001 315.79 316.00 330.44 858.10 
Transformed Model 
log PU= -1. 2754 – 
1.6569 log 
(NDRE) + 0.5670 
log (NDVI) 
0.07 <.0001 -161.71 - 161.57 150.72 157.06 
01 August - 
No significant 
equation 
- - - - -  
05 August - 
No significant 
equation 
- - - - -  
13 August - 
No significant 
equation 
- - - - -  
16 August - 
No significant 
equation 
- - - - -  
20 August - 
No significant 
equation 
- - - - -  
Table 4.3. Continued 
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23 August - 
No significant 
equation 
- - - - -  
Table 4.3. Continued 
PU: Phosphorus uptake; NDVI: Normalized difference vegetation index; NDRE: Normalized difference red-edge; LAI: Leaf area index; CHLRE: 
Chlorophyll red-edge. Akaike’s Information Criterion (AIC); Akaike’s Information Corrected Criterion (AICc), and the Bayesian Information Criterion 
(BIC). *Significantly different at P < 0.05. PRESS: Prediction sum of squares.  
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4.4.1.1.2. Relationships Actual and Predicted Variables 
 The relationship between the actual and predicted total potato yield is presented in 
Figure 4.4. The strongest relationship between actual and predicted total potato yield is 
obtained by the model for the sensing dates 25 June and 1 August (transformed and 
untransformed models), with R2adj values of 0.36 and 0.31, for untransformed models, 
respectively (Figs. 4.4 a and e), and 0.29 and 0.32 for transformed models, respectively 
(Figs 4.4 b and f). In contrast, the weakest relationship was found for the untransformed 
model on July 12 (Fig. 4.4 b), on the other hand, the transformed model on 22 July was 
improved, and R2adj performed best (0.32).  
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Figure 4.4. Relationship between actual and predicted total potato yield for the  sensing dates of (a) 
 25 June, untransformed model, (b) 25 June, transformed model, (c) 22 July untransformed model,    
 (d) 22 July, ransformed model, (e ) 1 August, untransformed model, (f) 1 August,  transformed 
 model.   
 The relationship between the actual P uptake and the predicted P uptake is 
represented in Figure 4.5, where the best relationship was obtained via the model for 9 
July, transformed and untransformed models, with an adjusted coefficient of determination 
of 0.60 and 0.62 (Fig. 4.5 a and b). In contrast, the least relationship was obtained in the 
model for 25 July (Fig. 4.5 d). The NDVI is the only vegetation index model that
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predicted P uptake with an adjusted coefficient of determination of 0.32 and a transformed 
model (Fig. 4.5 d). The regression models for the vegetation indices employing multiple 
linear regression and models with a log-transformed response variable did not improve the 
two sensing dates on 12 and 18 July (Fig 4.5 c – f).    
 
Figure 4.5. Relationship between actual and predicted phosphorus uptake for (a) 9 July, untransformed 
model, (b) 9 July, transformed model, (c) 12 July untransformed model, (d) 12July, transformed model, (e ) 
18 July, untransformed  model, (f) 18 July, transformed model.  
 
 
 
(f) 
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4.4.1.2. Green Seeker 
4.4.1.2.1 Total Potato Yield and Phosphorus Uptake Models  
 The ninth sensing date (5 August) models showed the highest adjusted R2 (0.54) 
for the untransformed model compared to the other sensing dates to estimate total potato 
yield. The lowest R2adj values (0.09, 0.04, 0.09, and 0.04) were obtained for the third to 
seventh sensing dates. At the ninth sensing date (5 August), the untransformed multiple 
regression model was applied to the test data set, and minimum AIC (421.08), AICc 
(421.28), BIC (426.66), and PRESS (4010.02) values were achieved (Table 4.4). Some 
models were transformed and improved, such as the sensing dates on 5 August, 16 August, 
and 20 August with best R2adj (0.57, 0.39, and 0.44), for transformed models, respectively. 
 The P uptake models showed that the untransformed second sensing date model 
achieved the highest adj R2 (0.44) and highly significant P-value (<.0001) and the lowest 
validation criteria such as AIC (173.86), AICc (174.00), BIC (184.85), and PRESS ( 
542.23) (Table 4.5). However, the transformation models (Log-transformed models) did 
not improve model results.  
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Table 4.4. Total potato yield models with adjusted coefficient of determination (R2adj), P-value, AIC, AICc, BIC, and PRESS for Green 
Seeker. 
ACTIVE SENSING Model Transformation Model Adj R2 P - Value AIC AICc BIC PRESS 
25  June - No significant equation       
01  July - No significant equation - - - - -  
09 July 
Untransformed Model Yield= – 110.84+164.58 NDVI+158.86 IRVI 0.09 <.0001 1218.50 1218.64 1225.82 19116.69 
Transformed Model log Yield = 3.5376 + 0.2236 log (NDVI) 0.06 <.0001 -726.95 -726.86 -719.62 23.04 
12 July 
Untransformed Model Yield =-23.14 IRVI + 42.91 0.04 0.0006 1223.27 1223.36 1230.60 20105.90 
Transformed Model log yield = 3.1826 – 0.1505 log (IRVI) 0.04 0.00025 -721.64 721.56 -714.32 23.48 
18 July 
Untransformed Model Yield = 232.43 NDVI + 262.87IRVI-185.52 0.09 <.0001 8.11 2028.17 2042.68 19132.28 
Transformed Model log Yield = 4.7863 + 1.9445 log (NDVI) + 0.4395 log (IRVI) 0.05 0.009 -724.90 -724.67 -713.28 23.32 
22 July - No significant equation - - - - - - 
25 July 
Untransformed Model Yield = 144.31 NDVI+ 164.67 IRVI-104.97 0.04 0.0018 8.34 2044.58 2059.09 20203.57 
Transformed Model log Yield3.717 + 0.7188 log (NDVI) + 0.0801 log (IRVI) 0.02 0.016 -714.36 -714.22 -703.38 24.04 
01 August - No significant equation - - - - - - 
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NDVI: Normalized difference vegetation index; IRVI :Inverse infrared vegetative index; Akaike’s Information Criterion (AIC); AICc: Akaike’s Information 
Corrected Criterion; BIC : Bayesian Information Criterion. Significantly different at P < 0.05. PRESS: Prediction sum of squares. 
 
05 August 
Untransformed Model Yield = -27.274 + 75.170 NDVI 0.54 <.0001 421.08 421.28 426.66 4010.02 
Transformed Model log Yield = 3.9112 + 1.9875 log (NDVI) 0.57 <.0001 -384.15 -383.94 -378.57 4.88 
13 August - No Significant equation - - - - - - 
16 August 
Untransformed Model Yield -4.849 + 43.499 NDVI 0.30 <.0001 470.08 470.28 475.65 6028.96 
Transformed Model log Yield = 1.4134 – 1.1571 log (NDVI) – 0.7660 log (IRVI) 0.39 <.0001 -340.05 - 339.71 - 331.69 7.03 
20 August 
Untransformed Model Yield = – 183.88 + 229.21NDVI + 250.35 IRVI 0.32 <.0001 468.49 476.51 476.51 5884.35 
Transformed Model log Yield = 1.2353 – 1.2632 log (NDVI) – 0.8222 log (IRVI) 0.44 <.0001 -351.34 -351.00 -342.97 6.43 
23 August - No Significant equation - - - - -  
 
Table 4.4. continued 
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Table 4.5. Phosphorus uptake (kg ha-1) models with adjusted coefficients of determination (R2adj), P-value, AICc, BIC, and PRESS for 
Green Seeker. 
ACTIVE SENSING Model Transformation Model Adj R2 P - Value AIC AICc BIC PRESS 
25 June - No significant equation - - - - -  
01 July 
Untransformed Model PU = – 36.50 + 41.79 NDVI+ 47.68 IRVI 0.44 <.0001 173.86 174.00 184.85 542.23 
Transformed Model log PU = -2.4161 – 2.0707 log (NDVI) – 1.2295 log (IRVI) 0.38 <.0001 -285.14 -285.00 -274.15 106.82 
9 July - No significant equation - - - - -  
12July 
Untransformed Model PU = -9.68 NDVI – 4.39 IRVI 0.27 <.0001 252.38 252.52 263.37 688.01 
Transformed Model log PU = -1.0494 – 1.7365 log (NDVI) – 0.4754 log (IRVI) 0.24 -227.39 -227.39 -227.39 -216.40 129.91 
18 July 
Untransformed Model PU = – 50.48 + 55.22 NDVI + 73.44 IRVI 0.13 <.0001 303.82 303.96 314.81 827.77 
Transformed Model log PU = 0.3755 – 0.9971 log (NDVI) 0.01 0.0450 -156.04 -155.96 -148.72 167.53 
22 July - No significant equation - - - - -  
25 July - No significant equation - - - - -  
01 August 
Untransformed Model PU  = 0.3387 + 18.9722 IRVI 0.28 <.0001 247.15 247.23 254.47 678.70 
Transformed Model log PU= 2.8567 + 0.9853 log (IRVI) 0.24 <.0001 -229.51 -229.42 -222.18 129.49 
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NDVI: Normalized difference vegetation index; IRVI :Inverse infrared vegetative index; Akaike’s Information Criterion (AIC); AICc: Akaike’s Information 
Corrected Criterion; BIC : Bayesian Information Criterion. Significantly different at P < 0.05. PRESS: Prediction sum of squares. 
 
05 August - No significant equation - - - - -  
13 August - No significant equation - - - - -  
16 August - No significant equation - - - - -  
20 August - No significant equation - - - - -  
23 August - No significant equation - - - - -  
Table 4.5. continued 
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4.4.1.2.2. Relationships Actual and Predicted Variables  
 The relationship between the actual and predicted total potato yield is presented in 
Figure 4.6. The strongest relationship between actual and predicted total potato yield was 
obtained by the model using the transformed sensing date of August 5, with an R2adj of 0.57 
(Fig. 4.6 b). The weakest relationship of total potato yield was found for 16 August, 
untransformed model (Fig. 4.6c). 
              Figure 4.6. Relationship between actual and predicted total potato yield for (a) 5 August,       
             untransformed model, (b) 5 August, transformed model (c) 16 August, untransformed            
             model, (d)16 August, transformed model . 
(d) 
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Figure 4.7. Relationship between actual and predicted phosphorus uptake for (a)1 July, untransformed 
model (b) 1 July, transformed model (c)12 July, untransformed model, and (d) 1 August, untransformed 
model.   
 The relationship between the actual P and the predicted P uptake is represented in 
Figure 4.7, where the strongest relationship was obtained for the untransformed model on 
1 July, with an adjusted coefficient of determination of 0.44 (Fig. 4.7a). The models that 
predicted P uptake with a weak adjusted coefficient of determination of 0.27 and 0.28 were 
obtained using sensing data from 1 August untransformed and transformed models, 
respectively (Fig. 4.7 c and d). 
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4.4.2. Passive Sensor  
4.4.2.1. Drone Images 
4.4.2.1.1. Total Potato Yield, Phosphorus Tissue Concentration, and Phosphorus 
 Uptake Models 
 The total potato yield models were constructed for eight flights using a stepwise 
multiple linear regression. The adjusted coefficient of determination (R2adj), the P-value, 
AIC, AICc, BIC, PRESS was used to evaluate model performance (Table 4.6). The 
vegetation indices that most impacted total potato yield were NDVI, CHLGR, and 
ANTHO. 
 The first and third flight models elucidated a well-adjusted coefficient of 
determination to evaluate total potato yield. The highest adjusted R2 value for the 
untransformed model was obtained for the first flight (0.50), and the second-highest one 
(0.56) was obtained for the untransformed third flight model, while the lowest adjusted R2 
corresponded to the seventh flights, with adjusted R2 values (0.37 for untransformed model 
and 0.34 for transformed model) for 14 August flight. The transformed models on 25 June, 
16 July, 22 July, and 29 July were improved the untransformed models.  
 Similarly, P uptake models for the third, fourth, sixth, and seventh flights exhibited 
different adjusted coefficients of determination (R2adj), P – values, AIC, AICc, BIC, and 
PRESS (Table 4.7). However, the highest adjusted R2 values (0.17 and 0.17) were obtained 
for P uptake models on 9 July and 14 August at the transformed model. The worst model 
fits were obtained on the fifth flight (22 July)at the untransformed model, AIC (7.53), 
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AICc(8.51), BIC (24.26), and PRESS (126,57). Total potato yield was negatively 
correlated with ANTHO on the first flight (June 25). 
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Table 4.6. Total potato yield models with adjusted coefficient of determination (R2adj), P – value, AIC, AICc, BIC, and PRESS for flight operations. 
Flights Model Transformation Model Adj R2 P - Value AIC AICc BIC PRESS 
25 June 
Untransformed 
Model 
Yield = 45.89 -45.18 NDVI + 15.36 CHLGR – 
23.76 ANTHO 
0.50 <.0001 431.90 432.41 443.05 4407.10 
Transformed Model 
Log Yield = 1.6472 – 0.6025 NDVI – 0.7942 
GNDVI + 1.2772 CHLGR – 0.5067 
0.63 <.0001 -635.72 -635.21 -624.57 6.05 
01 July 
Untransformed 
Model 
Yield =23.7808+ 0.4786 GNDVI + 5.5628 
CHLGR – 1.3306 ANTHO + 41.30 
0.44 <.0001 453.57 454.09 464.72 5230.18 
Transformed Model 
log Yield = 1.3201 + 0.7931 GNDVI  – 0.7896 
BNDVI + 0.1904 CHLGR –   0.1534  Antho 
0.44 <.0001 -630.53 -629.80 -616.60 6.58 
09 July 
Untransformed 
Model 
Yield = 25.13 + 78.91 NDVI – 166.03 GNDVI + 
34.67 BNDVI + 13.10 CHLGR + 10.53 ANTHO 
0.56 <.0001 419.10 420.09 435.83 3977.76 
Transformed Model 
Log Yield = 1.179 + 0.973 NDVI – 2.074 GNDVI 
+ 0.405 BNDVI + 0.155 CHLGR + 0.137 Antho 
0.55 <.0001 -655.38 -654.39 -638.65 5.18 
16 July 
Untransformed 
 
 
Yield = 45.037 + 91.383 GNDVI – 76.667 
BNDVI 
0.47 <.0001 437.26 437.60 445.62 4543.39 
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Model 
Transformed Model 
Log Yield = 1.381 + 1.075 GNDVI – 0.896 
BNDVI 
0.50 <.0001 -645.75 -645.41 -637.39 5.66 
22 July 
Untransformed 
Model 
Yield = 45.792 – 38.086 NDVI – 89.254 GNDVI 
+ 3.923 BNDVI + 46.422 CHLGR 
0.40 <.0001 454.06 454.79 468.00 5189.32 
Transformed Model 
Log Yield = 1.379 – 0.416 NDVI – 0.787 GNDVI 
+0.012 BNDVI + 0.446 CHLGR 
0.42 <.0001 -625.11 -624.38 -611.18 6.61 
29 July 
Untransformed 
Model 
Yield = -14.56 BNDVI + 5.06 CHLGR – 24.14 
ANTHO – 15.60 GNDVI + 46.12 
0.52 <.0001 427.69 428.21 438.84 4204.66 
Transformed Model 
Log Yield = 1.284 + 0.100 NDVI + 0.988 GNDVI 
– 0.767 BNDVI – 0.147 ANTHO 
0.54 <.0001 -654.51 -653.78 -640.57 5.27 
14 August 
Untransformed 
Model 
Yield = 9.814 + 42.583 NDVI + 109.470 GNDVI 
– 78.826 BNDVI – 4.019 CHLGR 
0.37 <.0001 459.88 460.61 473.81 5444.55 
Transformed Model 
Log Yield = 0.896 + 0.582NDVI + 0.488 GNDVI 
– 0.531 BNDVI 
0.34 <.0001 -610.86 -610.34 -599.71 7.47 
23 August 
Untransformed 
Model 
Yield = 53.300 – 12.472 NDVI + 0.013 GNDVI 
– 17.562 BNDVI + 0.439 CHLGR -20.053 
ANTHO 
0.47 0.0012 441.78 442.78 442.77 4970.32 
Table 4.6. continued 
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Transformed Model 
Log Yield = 1.487– -1.069 NDVI + 1.610 
GNDVI – 2.421 BNDVI – 1.898 ANTHO 
0.45 <.0001 -631 -630.81 615.07 6.50 
Table 4.6. continued 
NDVI: Normalized difference vegetation index; BNDVI: Blue NDVI: GNDVI: Green NDVI; CHLGR: Chlorophyll green; ANTHO : Anthocyanin; Akaike’s 
Information Criterion (AIC); AICc: Akaike’s Information Corrected Criterion; BIC : Bayesian Information Criterion. Significantly different at P < 0.05; PRESS: 
Prediction sum of squares.  
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Table 4.7. Phosphorus uptake (kg ha-1) models with adjusted coefficient of determination (R2adj), P – value, AIC, AICc, BIC, and PRESS for flight operations. 
Flights Model Transformation Model Adj R2 P - Value AIC AICc BIC PRESS 
25 June - No significant equation - - - - - - 
01 July - No significant equation - - - - - - 
09 July 
Untransformed Model 
PU= 5.695 – 1.0549 NDVI + 4.686 GNDVI – 4.0981 
BNDVI 
0.12 0.0003 3.55 
4.07 
14.70 125.13 
Transformed Model 
Log PU = 0.594 – 0.143 NDVI + 0.894 GNDVI – 0.820 
BNDVI 
0.17 <.0001 -428.41 -4.27 -417.26 6.54 
16 July 
Untransformed Model PU= 3.123 + 1.738 NDVI 0.10 0.0002 4.25 4.45 9.83 124.03 
Transformed Model Log PU= 1.122 + 0.444 NDVI 0.13 <.0001 -348.79 -348.58 -343.21 6.54 
22 July 
Untransformed Model PU = 3.094 + 2.033 NDVI – 0.619 BNDVI + 2.980 ANTHO 0.06 0.003 7.53 8.51 24.26 126.57 
Transformed Model Log PU = 1.0377 + 0.4322 NDVI + 0.797 ANTHO 0.07 0.004 -346.07 -345.34 -332.13 6.65 
29 July 
Untransformed Model PU = 2.808 + 1.228 NDVI + 0.615 BNDVI + 1.975 ANTHO 0.12 0.02 3.88 4.40 15.03 123.97 
Transformed Model 
Log PU= 0.988 _ 0.335 NDVI – 2.071 GNDVI + 1.511 
BNDVI + 0.586 ANTHO 
0.15 <.0001 -348.91 -348.18 -334.97 6.48 
14 August Untransformed Model 
PU = 4.525 – 15.386 GNDVI + 8.289 BNDVI + 0.4802 
CHLGR 
0.15 <.0001 2.36 3.34 11.37 123.12 
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Transformed Model 
Log PU= 1.497 – 3.579 GNDVI +1.934 BNDVI + 0.0972 
CHLGR 
0.17 <.0001 -352.56 -352.04 -341.41 6.48 
23 August - No significant equation - - - - -  
Table 4.7. continued 
NDVI: Normalized difference vegetation index; BNDVI: Blue NDVI: GNDVI: Green NDVI; CHLGR: Chlorophyll green; ANTHO : Anthocyanin; 
Akaike’s Information Criterion (AIC); AICc: Akaike’s Information Corrected Criterion; BIC : Bayesian Information Criterion. Significantly 
different at P < 0.05; PRESS: Prediction sum of squares. 
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4.4.2.1.2. Relationships Actual and Predicted Variables 
 The relationship between the actual and predicted total potato yield is shown in 
Figure 4.8. The best relationship between actual and predicted total potato yield was 
obtained by the transformed model for the first flight (25 June), with an adjusted R2 of 0.63 
(Fig. 4.8b).  
 The models in Figure 4.8 a – f are considered as the highest R2adj (0.50, 0.56, 0.52) 
for untransformed models for 25 June, 9 July, and 29 July, respectively, and (0.63, 0.55, 
0.54) for transformed models for 25 June, 9 July, and 29 July, respectively. 
 The actual and predicted P uptake is shown in Figure 4.9; the transformed models 
on 9 July and 29 July were having the highest adjusted R2 of 0.17 and 0.15 for both flight 
dates, respectively (Fig. 4.9 b and d). In contrast, the least agreement between actual P and 
predicted P uptake was obtained with the untransformed models for the third and sixth 
flights (9 and 29 July; Figure  4.9 a and c).   
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Figure 4.8. Relationship between actual and predicted total potato yield for (a) the first flight on 25 June, 
untransformed model (b) the first flight on 25 June, transformed model, (c) the third flight on 9 July , 
untransformed model (d) third flight on 9 July, transformed model (e) the sixth flight on 29 July , 
untransformed model, (f) the sixth flight on 29 July, transformed model. 
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Figure 4.9. Relationship between actual and predicted phosphorus uptake for (a) the third flight on 9 July, 
untransformed model(b) the third flight on 9 July, transformed model, (c) the sixth flight on 29 July, 
untransformed model, (d) the sixth flight on 29 July, transformed model.  
4.5. Discussion 
 Understanding the relationships and correlations between yield and phosphorous 
application requires assessing different sites with different vegetation indices and plant 
pigments ( Osborne et al., 2002). The NIR region plays a vital role in predicting phosphorus 
stress due to the internal leaf structure; under P stress, the number of small leaf cells is 
increased compared to non-stress conditions (Jacob and Lawlor, 1991; Osborne et al., 
2002).  Indices obtained by the Crop Circle™ active sensor were weakly correlated with 
total potato yield, most likely because the Crop Circle™ active sensor can be more 
sensitive to nitrogen stress than to P stress (Sharma et al., 2016 ; Sharma, et al., 2017). The 
highest amount of variation explained by the model was only 36% (R2adj =0.36), achieved 
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at the first sensing date (25 June). After that, the fitted models' explanatory capabilities 
dropped (Table 6). 
In contrast, 60% of the variation in P uptake ( R2adj =0.60) could be explained by 
the model on the third sensing date (9 July). However, subsequently, sensor performance 
deteriorated (Table 7). This could be attributed to potato tissue phosphorus that could be 
decreased at the end of the season growth stages due to the P translocation from shoot 
system to tubers regardless of the soil test P concentration, that could exhibit a vastly P 
stress (Guyonnet et al., 2018; Hopkins and Hansen, 2019; Osborne et al., 2004).  
 Correlations between actual and predicted variables revealed the poor predictive 
abilities of the Crop Circle™ regarding the total potato yield. and the moderate predictive 
model for P uptake. This could be attributed to the values of NDVI, which were lower than 
those at NDRE due to the red band, which was not useful to predict phosphorus stress and 
the overlapping between plant pigment reflectance (Osborne et al., 2002). For the 
GreenSeeker™ active sensor output, the adjusted R2 values were weak to moderate for 
NDVI and IRVI at all dates. This might have resulted in the GreenSeker active sensor 
operating in two wavelengths centered at red and NIR with no red-edge. The red-edge band 
can predict P nutrient in crops (Sembiring et al., 1998). The GreenSeeker™ active sensor 
readings showed a weak relationship with potato yield and P uptake when used 
individually. Similar to Crop Circle™, it was a useful sensor for nitrogen rather than 
phosphorus (Sharma et al., 2016; Sharma et al., 2018). In this study, the vegetation indices 
derived from passive sensors showed a better correlation with total potato yield than active 
sensors, which might be due to the extraction and analysis of the images based on removing 
soil and other non-plant pixels before calculating the vegetation indices in the passive 
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sensor (Hunt et al., 2011).  At the first flight, the ANTHO and NDVI were negatively 
correlated with total potato yield, with a moderate adjusted R2 (0.50), and positively 
correlated during the third drone flight, with an adjusted R2 (0.56). ANTHO was estimated 
from the red band and green band’s reflectance ratio to reduce the overlap between 
ANTHO and chlorophyll (Gamon and Surfus, 1999). However, there are two possible 
explanations for this result. Firstly, the leaf surface reflectance in the visible region is larger 
than that in the infrared region. Secondly, the ANTHO content is high at the early 
vegetative stage, characterized by low photosynthetic activity (Sims and Gamon, 2002). At 
early and late leaf stages, the green band might have lower reflectance (higher absorption) 
than the middle stage of the growing season ( Gitelson et al., 2006b; Gitelson and Merzlyak, 
2004). P uptake was not successfully determined by the models created based on the 
passive sensor data. During the flights, adjusted R2 values ranged from 0.06 to 0.17. 
However, early potato stages, such as vegetative growth (30 days after planting) and tuber 
initiation (50 – 60 days after planting), are important stages for the plants to accumulate 
sufficient soil P, which can be reflected in potato growth (Havlin et al., 2016; Sharma et 
al., 2018). At the end of the potato growing season, the cell number, shape, size, and water 
content decrease, leading to increased absorption at the green band and increased blue and 
red reflectance. Furthermore, plant stress at the end of the potato growing season could be 
confounded with plant senescence(Carroll et al., 2008). Additionally, at the late potato 
growth stage, there is no considerable P stress that can be observed due to the high soil P; 
thus, P stress could be rarely detected by sensors (Osborne et al., 2004).  
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4.6. Conclusion 
 This study assessed the employment of active sensing (Crop Circle and 
GreenSeeker) and passive sensing (multispectral imaging with UAVs) to predict total 
potato yield and P uptake. The vegetation indices were calculated from the data collected 
by active and passive sensors to generate the models. This difference referred to differences 
in sensor ability and sensitivity and differences in potato response to applied phosphorus. 
For the active sensors, vegetation indices showed weak correlations with total potato yield 
and P uptake. No significant equations were obtained at the early sensing dates, which are 
important to assess P stress. The passive sensor data extracted from visible and 
multispectral imagery provide satisfactory estimates of total potato yield at the early potato 
season and can be used to predict P stress though it predicted P uptake only late in the 
season. The ability of remotely sensed imagery to perfectly determine potato yield was 
demonstrated by the highly significant correlation of the NDVI, CHLGR, and ANTHO 
indices with total potato yield. This study was implemented with a limited dataset to 
develop a more accurate and robust significant model. Future investigations should assess 
these results with different soil P concentrations under different environmental conditions 
and use different active and passive sensors.   
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CHAPTER FIVE 
MYCORRHIZAE INOCULATION IN POTATOES AND THEIR 
IMPACT  YEILD AND QUALITY 
5.1. Abstract  
 Vesicular arbuscular mycorrhizal (VAM) fungi are mutualistic symbionts that 
convey a number of benefits to host plants, any one of which can contribute to improving 
the productivity of different agricultural systems. This study was conducted to evaluate the 
influence of phosphorus (P) application rates and VAM fungi inoculation on the P 
efficiency in affecting tuber yield, specific gravity, petioles dry weight, phosphorus 
concentration, and uptake. Additionally, the relationship between soil test phosphorus and 
potato root colonization by VAM fungi was determined. Six rates of P fertilization (0–280 
kg P ha−1) with and without mycorrhizal inoculation (Glomus intraradical) were applied 
at two different sites at Aroostook research farm, Presque Isle, Northern Maine, USA. 
Yield parameters were not responsive to P application rates and mycorrhizal inoculation 
across all treatments. However, regression analysis showed that soil test phosphorus 
(Modified Morgan and Mehlich 3) for both potato variates tested (Shepody and Russet 
Burbank) were significantly correlated with VAM fungi inoculated arbuscular, vascular 
and no VAM root infected (R2 = 0.20, 0.23, 0.32, respectively), and with Mehlich 3 (R2 = 
0.26, 0.40, 0.23, respectively). However, the power model achieved the highest coefficient 
of determination (R2 = 0.45) that was better correlated with soil test phosphorus Modified 
Morgan extractant than the other correlated mycorrhiza colonization. The VAM fungi is a 
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new management option in conventional agricultural systems that should not be ignored in 
high soil test phosphorus soils, but adequate inoculum selections are essential.   
5.2. Introduction 
 
 The potato (Solanum tuberosum L.) is deemed the fourth main food crop 
worldwide, after maize, rice, and wheat  (Ezekiel et al., 2013).  In Maine, United States of 
America (USA), potato production significantly impacts the state’s economy (Sharma et 
al., 2017). The potato crop in Maine is grown over a short season (120 days) and requires 
extensive tillage and high phosphorus (P) applications  (He et al., 2016).  The potato has 
traditionally been deemed to have relatively high P demand and inefficient at absorbing 
soil P   (Fixen and Bruulsema, 2014).  Therefore, P plays a key role in enhancing potato 
growth and yield. 
 P stress is one of the most widespread nutrient stresses minimizing crop production 
in the world (Hopkins, 2015).  The low efficiency of P fertilization can occur due to P-
fixation through adsorption or precipitation reactions in soils. The P in soils exists in either 
inorganic (Pin) or organic (Por) forms. Inorganic P contains soluble and labile P (equilibrates 
quickly with soluble P), and non-labile P (equilibrates slowly with soluble P)  (Havlin, et 
al., 2016).   The inorganic P can be desorbed and fixed by oxides and hydroxides of iron 
(Fe) and aluminum (Al) in acid soils, and to precipitation with calcium (Ca) and 
magnesium (Mg) in alkaline soils  (Hopkins, 2015). 
 In Maine’s soils, pH can play a key role in controlling soil P availability, which is 
important as some of Northern Maine’s soils have a pH ranged between 4.8 – 6.5 (Jasim et 
al., 2020).  The low solubility of several P compounds can make it challenging to provide 
adequate P to obtain high crop production without applying additional P fertilizers  (Havlin 
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et al., 2016).  Although this practice can result in high yields, it might lead to eutrophication 
because of runoff from agricultural farms into water bodies  (Qin et al., 2020).  
 The vesicular-arbuscular mycorrhiza (VAM) fungi are a small group of fungi in the 
new phylum Glomeromycota that form a symbiosis with the majority of vascular land plant 
roots, including most crops (Lone et al., 2020). The VAM fungi produce arbuscules, the 
fine branches hyphae anticipated in nutrients exchange, and extraradical mycelium (hyphae 
that link plant roots to the soil). The vesicles indicate the expanded portions of hyphae that 
are filled with lipid substances, giving this type its original name (Peterson et. al., 2005). 
The VAM fungi can support the nutrient acquisition by crop plants and increase their 
resistance to biotic and abiotic stresses (Alyokhin et al., 2020; Khosravifar et al., 2020). 
These ecological functions and benefits reveal that VAM plays a pivotal role in preserving 
crop productivity and agricultural sustainability (Avila-Salem, et al., 2020).  
The VAM can improve potato growth due to P's enhanced uptake, which is 
otherwise considered an immobile mineral nutrient in the soil. The VAM also boosts water 
relations and promotes resistance to pathogens (Douds et al., 2007). Additionally, VAM 
fungi have been found to produce a glomalin, a glycoprotein believed to play an important 
role in improving soil aggregates (Rillig et al., 2010). The VAM's extraradical hyphae can 
extend the volume of soil’s available P from the root hair zone of nonmycorrhizal root to a 
15 cm distance from the colonized root (Douds et al., 2007). This improved P uptake result 
in increased growth of mycorrhizal crops compared to nonmycorrhizal controls in soils 
with low P. Therefore, VAM fungi potentially play a key role in sustainable potato 
production systems that decrease or terminate synthetic chemical inputs.  
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 The VAM fungi are currently used commercially.  These fungi can be produced on 
the farm by agronomists and horticulturists (Douds et al., 2007). On farms, VAM fungi 
application has been studied by several researchers. For example, the inoculum applied on 
soils with moderate to high soil P showed increasing the VAM colonization of leek roots 
by 45 – 95 %, even though nutrient uptake and leek growth diminished during the growing 
season and at the harvest day (Sorensen et. al., 2005). 
The P might harm the symbiosis. Crops grown in soils with high P limit 
colonization of their roots by VAM fungi (Yang et al., 2020). Therefore, high soil test 
phosphorus was most likely responsible for the limited response of increased VAM 
formation on leek roots growth and P concentration (Sorensen et al., 2005). According to 
Stewart et al. (2005), VAM fungi applied to five strawberry varieties grown in high-P soil 
(Mehlich-3 extractable P = 498 mg kg-1 soil) resulted in VAM colonization not exceeding 
2 % in no inoculation treatment, whereas strawberry plants with VAM inoculation had over 
10 % colonization. They declared that in soils with high soil test P, inoculation may be the 
only preference for management of the symbiosis.  
Tong et al. (2013) demonstrated that low P applications with Glomus intraradices 
increased b-carotene concentration in potato tubers. They ascribed it to the activation of b-
carotene metabolism in potato tubers by root VAM colonization. VAM Glomus 
intraradices root extension was not different among the potato verities at low soil P 
fertilization applications. In response to a high P application, all genotypes presented a 
decline in VAM root colonization (Gabriel et al., 2011). A study by Konvalinková, et al. 
(2017) found that VAM and P applications could regulate carbon flow to fungi that was 
dependent on the soil P supply, and VAM-P uptake response was inhibited by P fertilization 
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in all tested plant species; the carbon flow to roots, the carbon flow to VAM-signature fatty 
acids 16:1ω5 were decreased by P fertilization in leek and ryegrass. They calculated that 
VAM – carbon costs averaged between 0.9% and 10.5 % of the crops carbon budget 
(Konvalinková et al., 2017), probably as a way to limit the carbon cost of the crops – and 
found situations when the benefit may be minimal (Konvalinková et al., 2017). Therefore, 
successful growth responses to inoculation with VAM are not achieved typically in high 
soil test P, and indeed adverse responses have been shown (Liu et al., 2020; Lone et al., 
2020; Pantigoso et. al.,  2020). 
In the present study, data have been collected to study the effect of mycorrhizal 
inoculation on potato production. Potato relies heavily on fertilizer applications (Davies et 
al., 2005), and responds well to VAM application (Davies et al., 2005). This study aimed 
to determine the impact of commercial inoculation with vesicular-arbuscular mycorrhiza 
(VAM) fungi containing Glomus intraradices on phosphorus uptake and total potato yield 
and its parameters in farms with high soil test phosphorus. 
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5.3. Materials and Methods 
5.3.1.  Potato Planting and Experimental Design  
 The study was conducted in 2018 at two sites in Aroostook County, ME, USA. The first 
site was Aroostook farm-1 (AF1), latitude and longitude were 46.6601582 and -68.0216085, 
respectively, and the slope was 2 – 8%. The second site was Aroostook site-2 (AF2), latitude and 
longitude were 46.6619155 and -68.0209886, and the slope was also 2 – 8%. For both sites, the 
potato was planted on 24 May and harvested on 14 September (Table 2.2). The soil type was Fine-
loamy, mixed, frigid Typic Haplorthods for both sites. Two potato varieties were grown in the 
study area. Shepody variety was planted at AF1, and Russet Burbank was planted at AF2. On both 
sites, the experimental design was a randomized complete block with six P fertilization rates (0, 
56, 112, 168, 224, and 280 kg P ha−1) applied as triple superphosphate (TSP) (46% P2O5), with 
four replications. Nitrogen (N) was applied as urea (46% N) at a rate of 202 kg N ha−1. Potassium 
(K) was applied as potassium chloride (K2O 60%) at 224 kg K ha−1. Sulfur (S) was applied as 
calcium sulfate (24% S) at 18 kg S ha−1. The N, P, K, and S were banded 5 cm underneath the 
potato seed on the planting days. The experimental units' dimensions were 9.1 m by 3.6 m, 
accommodating four potato rows spaced at 0.9 m. Each plot was divided into two treatments of 
two rows each. One treatment was inoculated with mycorrhiza, and the other treatment was not 
inoculated with mycorrhiza. Potato tubers were planted in rows at the inter-potato seed spacing of 
0.3 m. The fresh tubers were harvested, weighed, and graded mechanically using market 
categories. The marketable yield was determined by adding up weights of tubers over 65 g. except 
for the undersized tubers (the tuber weight mean that was equal or lower than 65 g on average); 
undersized tubers refer to the unmarketable potato tuber yield.  
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A random sampling of four potato tubers was collected from each of the grade numbers over 65 
g to determine specific gravity. Specific gravity was obtained with a composite of potato tubers 
according to (Kleinschmidt et al., 1984): 
Specific Gravity (SG) = Tuber weight in air / (tuber weight in the air − tuber weight in water). 
5.3.2.  Soil Sample Analysis 
Soil samples were taken from each experimental site to a depth of 0–30 cm before potato 
planting. Soil samples were air-dried, ground, and then passed through a 2 mm mesh sieve. The P 
and K were determined by Modified Morgan Extraction (MME) using an Inductively Coupled 
Plasma-atomic emission spectrometer (ICP-AES) (Maker: Spectro Genesis; HQ in Kleve, 
Germany) (McIntosh, 1969).  For the Mehlich 3 (P-M3), soil test P samples were analyzed using 
ICP-AES  (Mehlich, 1984).  Soil pH was estimated using a 1:1 deionized soil water solution 
method, then measured by a pH meter with the electrode (pH robot is a labfit AS3000; HQ  in 
Perth, Australia  (Mclean, 1983); the organic matter was determined using the loss of weight on 
the ignition method (Storer, 1984).  The N-NO3− was measured by using an automated ion analyzer 
(Page, et. al., 1982). The N-NH4+ was measured by using KCl extractions (Dahnke and Whitney, 
1988). Soil samples were analyzed at the University of Maine Soil Laboratory. 
5.3.3.  Plant Sampling and Analysis  
 Four petioles and leaflets were collected at the tuber initiation stage (60 days after planting 
day) from four plants in each sub-plot for P analysis. The petioles and leaflets were chosen from 
the fourth and fifth fully expanded leaves from the plant top (Westermann and Kleinkopf, 1985).  
The petioles and leaflets were washed with deionized water. All petioles and leaflets were dried in 
an oven with air circulation at 65 °C for 96 h and then ground. The ground petioles were ashed at 
  
 127 
550 °C for 5 h in a muffle furnace (Kalra and Maynard, 1991).  The ash was dissolved in 50% HCl 
on a hot plate and analyzed using ICP  (Chapman and Pratt, 1961; Kalra and Maynard, 1991).  
5.3.4.  Inoculation of Potato seedlings  
The mycorrhizal liquid was applied for both potato variates (Russet Burbank and Shepody) 
seedlings grown in the field. Seed potatoes were grown at 30 cm spacings in rows and manually 
inoculated on 24 May for both sites. All trials received the same commercial fungi (Glomus 
intraradices). This inoculant liquid product, Myke® Pro Potato-L (Premier Tech Biotechnologies, 
Rivière-du-Loup, QC), was formulated for potato. The mycorrhizal liquid contained only the VAM 
(Glomus intraradices) with no additional microbes. The inoculant is sold in 240-ml bottles 
containing 10,500 spores / ml (https://www.ptagtiv.com/en/transition/). One milliliters (ml) were 
applied for each potato seed tuber at the field, i.e., the number of spores spread per one potato seed 
was approximately 10500 spores. The inoculant suspension was agitated at the application time 
and was applied by dropping 1ml of the suspension directly on potato seeds in the field.  
5.3.5. Potato Root Collecting  
Potato roots were collected one week before the harvest day, i.e., fourteen weeks after 
planting day. Roots were collected from the field and directly stored in ice coolers to keep the 
roots. Potato roots were selected from each row at three distances (2.4, 4.5, and 7.3 meters). The 
ice cooler was transferred to the lab to wash the roots using water to remove all soil from the roots. 
Those roots were left soaking in 10 ml of 70% ethanol until ready to measure mycorrhizal 
colonization.   
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5.3.6. Mycorrhizal Colonization  
 To measure mycorrhizal colonization, treatments were measured the root colonization that 
was divided based on hyphae, vascular, arbuscular (as VAM infection), and no VAM fungi root 
infected (There is no VAM infection). Inoculated and non-inoculated treatment roots were 
transferred to new 50 ml test tubes with 10% KOH (W/V), making sure that KOH completely 
covered each sample. Root samples were soaked in KOH overnight until the root and KOH color 
turned yellow, indicating that all tannins have moved from the root tissue and into the solution. 
The overnight root soaking was carried out the day before the heat treatments. After KOH was 
removed from each root sample, samples were transferred to be heated in the autoclave for 15 
minutes. When potato root samples were clear of color, they were removed from the autoclave, 
rinsed three times in distilled water, and then soaked in 5% HCl for about one minute. After pouring 
out the HCl, trypan blue stain was added to each potato root sample and stored overnight until 
examined with a dissecting scope. All the mycorrhizal root staining was implemented based on  
Department of Plant Science, College of Agricultural Sciences, PennState procedure 
(https://plantscience.psu.edu/research/labs/roots/methods/methods-info/staining-of-mycorrhizal-
fungi) .     
The potato roots were placed on slides, and each slide was covered with 22 by 22 mm 
coverslips. The roots were aligned parallel to the long axis of slides and observed at 400X 
magnification. The field of view (FOV) of the microscope was horizontally moved to make five 
complete passes across each root hair and the total root hairs, which were five for each slide; in 
total, twenty complete passes were done for each slide. Notes were made to determine arbuscules, 
vesicles, and hyphae. The FOV was divided into four sections, and the colonization percentage 
based on mycorrhizae arbuscules, vesicles, and hyphae finding in each or all the four sections were 
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calculated. Each FOV was scored on the scale from one to four, based on how many sections were 
inoculated by mycorrhizae. If there were no mycorrhiza arbuscules, vesicles, and hyphae found at 
one section or at all of them, then we put a zero in no mycorrhiza column, i.e., no mycorrhizal 
colonization.  
5.3.7.  Statistical Analysis  
 ANOVA analysis was analyzed using JMP 14.2 software (SAS Ins. Inc., Cary, NC, USA); 
significance means were tested using least significant difference (LSD) at 0.05 and 0.01 probability 
levels. The responses of measured total potato yield, specific gravity, marketable and unmarketable 
tuber yield, tuber number per plant, total tuber weight mean, petioles dry weight, phosphorus tissue 
concentration, and phosphorus uptake to VAM fungi, phosphorus application rates, and their 
interaction were tested with two - way ANOVA, separately. Linear and nonlinear relationships 
were established between soil concentration and VAM hyphae, arbuscules, vescules, and non 
VAM colonization. Coefficients of determination (R2) were estimated. The simple linear (y = a + 
bx), power (y = axb), exponential (y = aebx ), and quadratic (y = a + bx+cx2 ) models were 
constructed using Microsoft Excel (Microsoft Corporation, USA) and  JMP 14 .1 (SAS Institute, 
USA) where y was the dependent variable, x was the independent variable, and a , b, and c were 
the equation constants. Linear and non-linear models were selected based on the robustness of the 
coefficient of determination (R2).  
5.4.  Results   
5.4.1.  Shepody variety  
5.4.1.1.  The Effect of Phosphorus Rates and Mycorrhiza Inoculation on Total           
Potato Tuber Yield, Specific Gravity, Marketable and Unmarketable Yield 
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 The total potato yield of Shepody variety was not statistically significant between the 
treatments and mycorrhiza inoculant (Table 5.1). Specific gravity was not significant either with 
or without mycorrhiza inoculations (Table 5.1). However, the 56 kg P ha-1 application rate obtained 
the optimum value. Marketable and unmarketable yield with mycorrhiza inoculant showed no 
statistically significant differences among the treatments.  
Table 5.1. Impact of mycorrhizal inoculum and phosphorus rates on total potato tuber yield, specific gravity, 
marketable yield and unmarketable yield for Shepody variety  
Treatment Total Potato Tuber Yield  Mg  ha-1 
Specific 
gravity 
Marketable Yield 
Mg ha-1 
Unmarketable 
Yield Mg ha-1 
P rate (Kg ha-1)   
0 27.74 1.080 25.47 2.27 
56 26.66 1.086 24.51 2.15 
112 23.23 1.079 21.48 1.75 
168 26.47 1.082 24.63 1.84 
224 22.19 1.082 20.38 1.81 
280 27.13 1.081 24.90 2.22 
Significance 0.1171 0.4062 0.1750 0.3489 
Mycorrhiza     
WM 26.79 1.082 24.67 2.12 
NM 24.35 1.082 22.45 1.89 
Significance 0.0778 0.8658 0.1048 0.2111 
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P*M 
Significance 0.2430 0.2327 0.2245 0.6074 
 
n 
 
48 
 
48 
 
48 
 
48 
RMSE 4.67 0.006 4.63 0.61 
MSE 21.82 0.00 21.43 0.37 
CV (%) 18.26 0.54 19.76 30.37 
WM: Treatments with mycorrhizal inoculant; NM: Treatments with non-mycorrhizal inoculant; P: Phosphorus; 
M: Mycorrhiza; n: Number of observations; RMSE: Root mean square error; MSE: Mean square error; CV: 
Coefficient of variation; ns: Nonsignificant. Significantly different at P < 0.05.	
5.4.1.2.  The Effect of Phosphorus Rates and Mycorrhiza Inoculation on Tuber Number per 
Plant, Total Tuber Mean Weight, Petioles Dry Weight, Phosphorus Concentration, and 
Phosphorus Uptake.  
 The highest number of tubers per plant obtained at a 56 kg P ha-1 application rate (Table 
5.2). However, there is no significant difference between the treatments. The total tuber mean 
weight was not significantly different at the 0 and 224 kg P ha-1. 
Regardless of the significant differences between treatments, the highest petioles dry weight value 
(33.62 Mg ha-1) was obtained at 112 kg P ha-1 (Table 5.2). Mycorrhiza inoculant treatments did not 
significantly differentiate between inoculated and uninoculated treatments on total phosphorus 
potato petioles. Similarly, the phosphorus uptake was not statistically significant (Table 5.2).  
 
 
Table 5.1. continued 
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Table 5.2: Impact of mycorrhizal inoculum and phosphorus rates on tuber number per plant, total tuber mean weight, 
petioles dry weight, phosphorus concentration and phosphorus uptake for Shepody variety.  
Treatment 
Tuber Number per 
plant 
 Total Tuber 
Mean Weight  
kg plant -1 
Petioles Dry 
Weight kg 
ha-1  
P concentration 
g kg-1 
P Uptake 
kg ha-1 
P rate (Kg ha-1)     
0 4.35  0.86 30.93 4.16 1.27 
56 4.40  0.83 33.47 4.44 1.50 
112 3.65  0.72 33.62 4.10 1.40 
168 3.91  0.82 30.19 4.29 1.33 
224 3.68  0.69 33.47 4.32 1.51 
280 4.12  0.84 30.48 4.47 1.39 
Significance 0.1195  0.1172 0.9881 0.6470 0.9853 
Mycorrhiza       
WM 4.17  0.83 32.93 4.20 1.38 
NM 3.86  0.75 31.13 4.39 1.42 
Significance 0.1143  0.0778 0.6541 0.1922 0.8777 
P*M       
Significance 0.2151  0.2430 0.6894 0.1440 0.6679 
n 48  48 48 48 48 
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RMSE 0.67  0.14 13.74 0.51 0.75 
MSE 0.44  0.02 188.97 0.27 0.57 
CV (%) 16.65  18.27 42.92 12.05 53.62 
WM: Treatments with mycorrhizal inoculant; NM: Treatments with non-mycorrhizal inoculant; P: Phosphorus; M: 
Mycorrhiza; n: Number of observations; RMSE: Root mean square error; MSE: Mean square error; CV: Coefficient 
of variation; ns: Nonsignificant. Significantly different at P < 0.05; 		
5.4.1.3. Effect of the Phosphorus Application Rates and Mycorrhiza Inoculant on Potato 
Root Colonization for Shepody Variety.   
 Effects of all phosphorus rates did not differ between the treatments. On the other hand, 
the VAM Inoculation had a significant effect on all tested parameters (Table 5.3). The potato root 
colonization rate of arbuscules had the highest values for hyphae, arbuscules, and vesicles 
(35.19%, 17.66%, and 15.76%) for the VAM inoculated treatment, respectively. The highest 
number of uninfected roots (51.19%) was obtained without VAM inoculant. The highest significant 
differences were achieved for the arbuscules and vesiculas with P < .0001. There was no significant 
interaction between phosphorus rates and mycorrhiza.   
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Table 5.3. Impact of mycorrhizal inoculum and phosphorus rates on mycorrhizal hyphae, arbuscules, vesiculas and no 
mycorrhiza root infection found for Shepody variety.   
Treatment Hyphae % Arbuscules % Vesicles % Uninfected roots % 
P rate (Kg ha-1)   
0 34.09 12.54 13.84 39.52 
56 35.72 17.04 15.81 31.43 
112 34.29 11.59 10.74 43.38 
168 31.86 15.51 13.95 38.68 
224 30.17 11.82 11.54 46.48 
280 29.18 11.26 11.31 48.26 
Significance 0.4894 0.1426 0.4529 0.0756 
Mycorrhiza     
WM 35.19 17.66 15.76 31.39 
NM 29.91 8.92 9.97 51.19 
Significance 0.0222 <.0001 0.0012 <.0001 
P*M     
Significance 0.9281 0.5821 0.9097 0.9795 
n 48 48 48 48 
RMSE 7.64 5.09 5.69 11.66 
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M SE 58.45 25.88 32.38 135.92 
CV (%) 23.49 38.27 44.23 28.23 
WM: Treatments with mycorrhizal inoculant; NM: Treatments with non-mycorrhizal inoculant; P: Phosphorus; M: 
Mycorrhiza; n: Number of observations; RMSE: Root mean square error; MSE: Mean square error; CV: Coefficient 
of variation; ns: Nonsignificant. Significantly different at P < 0.05. 	
5.4.1.4. Relationships Between Soil Test Phosphorus Modified Morgan Method and 
mycorrhizal Colonization for Shepody Variety   
 As shown in Figure 5.1a, the exponential regression equation between soil phosphorus 
extracted using the Modified Morgan and VAM arbuscular colonization was statistically 
significant. The weak significant relationship (R2 = 0.20, P < 0.02) was obtained for the 
exponential equation between VAM arbuscular colonization and the soil phosphorus concentration 
(Figure 5.1a). The best significant relationships were achieved between the percentage of 
uninfected roots and soil phosphorus concentration (R2 = 0.32; Figure 5.1c). The exponential 
equation was the best fit for the relationship between VAM vesicular colonization and the soil 
phosphorus concentration.  
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Figure 5.1. Relationships between soil phosphorus concentration extractant by Modified Morgan soil test phosphorus 
for inoculated treatments on (a) vesicular arbuscular mycorrhiza (VAM) arbuscular colonization;(b) VAM vesicular 
colonization; (c) No VAM root infected. Means are significant at * P < 0.05. 
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5.4.2. Russet Burbank Variety 
5.4.2.1. The Effect of Phosphorus Rates and Mycorrhiza Inoculation on Total Potato Tuber 
Yield, Specific Gravity, Marketable and Unmarketable Yield  
 Similar to the Shepody variety, Russet Burbank did not respond to phosphorus application 
rates and mycorrhizal inoculation. The only exception was that the phosphorus application rate 
280 kg P ha-1 was statistically different from 0 and 56 kg P ha-1 rates of phosphorus applications 
for petioles dry weight (Table 5.4).  
 The P applications and mycorrhiza inoculation's main effects, as well as their interaction, 
on total tuber yield, specific gravity, marketable, and unmarketable yield were not statistically 
significant (Table 5.4).  The total tuber yield ranged from 24.26 to 33.09 Mg ha-1 at both sites 
(Table 5.5). Regardless of the significant differences between treatments, the highest total tuber 
yield value (33.09 Mg ha-1) was obtained at 0 kg P ha-1. Mycorrhiza inoculant treatments were not 
showing a significant difference between inoculated and uninoculated treatments on total tuber 
yield. The total tuber yield also did not respond to P applications and mycorrhiza inoculation. 
Specific gravity was not affected by applying P or by the mycorrhiza inoculation. Similarly, the 
marketable and unmarketable tuber yield was not statistically significant (Table 5.4). The 0 kg P 
ha-1 rate of P application had the highest marketable value (31.31 Mg ha-1) compared to the other 
P application rates. The marketable tuber yield decreased by 37.02% due to an increased P 
application rate from 0 to 280 kg P ha-1. 
  
 138 
Table 5.4. Impact of mycorrhizal inoculum and phosphorus rates on total potato tuber yield, specific gravity, 
marketable yield and unmarketable yield for Russet Burbank variety  
Treatment 
Total Potato Tuber Yield 
Mg ha-1 
Specific gravity 
Marketable Yield 
Mg ha-1 
Unmarketable 
Yield Mg ha-1 
P rate (Kg ha-1)   
0 33.09 1.084 31.31 1.79 
56 28.12 1.080 26.28 1.84 
112 27.45 1.084 26.14 1.31 
168 27.63 1.086 25.97 1.66 
224 25.67 1.083 24.11 1.57 
280 24.26 1.084 22.85 1.41 
Significance 0.3489 0.4343 0.3812 0.6409 
Mycorrhiza     
WM 27.70 1.083 26.18 1.52 
NM 27.87 1.084 26.16 1.71 
Significance 0.9295 0.3190 0.9933 0.3586 
P*M     
Significance 0.6671 0.6502 0.7526 0.4277 
n 48 48 48 48 
RMSE 7.95 0.005 7.84 0.69 
MSE 63.16 0.00 61.53 0.48 
CV (%) 28.61 0.52 29.98 42.74 
  
 139 
WM: Treatments with mycorrhizal inoculant; NM: Treatments with non-mycorrhizal inoculant; P: Phosphorus; M: 
Mycorrhiza; n: Number of observations; RMSE: Root mean square error; MSE: Mean square error; CV: Coefficient 
of variation; ns: Nonsignificant. Significantly different at P < 0.05.  
5.4.2.2.  The Effect of Phosphorus Rates and Mycorrhiza Inoculation on Tuber Number Per 
Plant, Total Tuber Mean Weight, Petioles Dry Weight, Phosphorus Concentration, and 
Phosphorus Uptake.   
The P applications' main effect, mycorrhiza inoculation and the interaction on tuber number 
per plant, total tuber mean weight, petioles dry weight, phosphorus concentration, and uptake were 
not statistically significant (Table 5.5) for both sites. The tuber number per plant ranged from 3.79 
to 4.27 (Table 5.5). Mycorrhiza inoculant treatments did not significantly differentiate between 
inoculated and uninoculated treatments on tuber number per plant, total tuber mean weight, and 
phosphorus concentration. The petioles dry weight, and uptake, on the other hand, there was a 
significant difference between potatoes harvested from the mycorrhiza inoculated and 
uninoculated plots (P < 0.0009 and 0.0024, respectively) (Table 5.5).  
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Table 5.5: Impact of mycorrhizal inoculum and phosphorus rates on tuber number per plant, total tuber mean weight, 
petioles dry weight, phosphorus concentration and phosphorus uptake for Russet Burbank variety 
Treatment 
Tuber Number 
per plant 
 Total Tuber Mean 
Weight  
kg plant -1 
Petioles Dry 
Weight kg ha-1  
P concentration 
g kg-1 
P Uptake 
kg ha-1 
P rate (Kg ha-1)     
0 4.27  1.03 35.57 4.51 1.60 
56 4.21  0.87 36.61 4.25 1.55 
112 3.85  0.85 35.86 4.29 1.54 
168 4.27  0.86 42.39 4.47 1.90 
224 3.81  0.80 38.11 4.29 1.63 
280 3.79  0.75 47.48 4.50 2.15 
Significance 0.6423  0.3489 0.2119 0.8265 0.1641 
Mycorrhiza       
WM 4.14  0.86 43.83 4.42 1.94 
NM 3.98  0.86 35.17 4.36 1.54 
Significance 0.5780  0.9295 0.0009 0.6595 0.0024 
P*M       
Significance 0.2766  0.6671 0.0668 0.5419 0.1113 
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n 48  48 48 48 48 
RMSE 0.88  0.25 9.12 0.52 0.46 
MSE 0.77  0.06 83.347 0.27 0.22 
CV (%) 21.63  28.60 0.23 11.92 26.68 
WM: Treatments with mycorrhizal inoculant; NM: Treatments with non-mycorrhizal inoculant; P: Phosphorus; M: 
Mycorrhiza; n: Number of observations; RMSE: Root mean square error; MSE: Mean square error; CV: Coefficient 
of variation; ns: Nonsignificant. Significantly different at P < 0.05. 	
5.4.2.3. Effect of the Phosphorus Application Rates and Mycorrhiza Inoculant on Potato   
     Root Colonization  
Inoculation had a significant effect on some tested parameters (Table 5.6). The inoculated 
treatments' potato root colonization rate ranged between 35.67 to 40.24%, arbuscules ranged 10.96 
to 18.79%, vesicles ranged 7.03 to 13.08%, and uninfected roots ranged 30.87 to 44.56% (Table 
5.6). At the inoculated and uninoculated mycorrhiza treatments, hyphae, arbuscules, and 
uninfected roots were statistically significant (P < 0.0011, 0.0028, and 0.0002), respectively. The 
highest arbuscules value (18.79 %) was achieved at the phosphorus rate 0 kg P ha-1 with 
mycorrhizae inoculation compared with the other P rates, even though 0 kg P ha-1 did not show 
significant differences compared to other P rates with mycorrhiza inoculation. The treatments that 
received mycorrhizal inoculation and 280 kg P ha-1 were having the highest percentage value 
(44.56 %) for uninfected roots. Treatments revealed The inoculated treatments were having the 
highest values (40.20%, 16.06%, and 10.98%) compared with uninoculated treatments for hyphae, 
arbuscules, and vesiculas, respectively (Table 5.6).  
Table 5.5. continued 
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Table 5.6. Impact of mycorrhizal inoculum and phosphorus rates on mycorrhizal hyphae, arbuscules, vesiculas and no 
mycorrhiza root infected for Russet Burbank variety.  	
WM: Treatments with mycorrhizal inoculant; NM: Treatments with non-mycorrhizal inoculant; P: Phosphorus; M: 
Mycorrhiza; n: Number of observations; RMSE: Root mean square error; MSE: Mean square error; CV: Coefficient 
of variation; ns: Nonsignificant. Significantly different at P < 0.05. 	
 
 
Treatment Hyphae % Arbuscules % Vesicles % Uninfected roots % 
P rate (Kg ha
-1
)   
0 37.26 18.79 13.08 30.87 
56 37.11 14.96 9.71 38.22 
112 40.24 14.76 10.97 34.03 
168 35.67 11.44 10.55 42.35 
224 40.23 13.65 9.37 36.74 
280 37.45 10.96 7.03 44.56 
Significance 0.2559 0.0221 0.2365 0.0485 
Mycorrhiza     
WM 40.20 16.06 10.98 32.75 
NM 35.32 11.87 9.37 43.45 
Significance 0.0011 0.0028 0.1519 0.0002 
P*M     
Significance 0.5707 0.1288 0.3819 0.4142 
n 48 48 48 48 
RMSE 4.30 4.56 4.46 8.84 
MSE 18.49 20.83 19.89 78.06 
CV (%) 11.39 32.68 43.84 23.19 
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5.4.2.4. Relationships Between Soil Test Phosphorus Modified Morgan Method and 
Mycorrhizal Colonization for Russet Burbank Variety   
 The power regression equation was the best model for the relationship between soil 
phosphorus concentration extractant by Modified Morgan soil test and VAM arbuscular 
colonization (Figure 5.2 a),  VAM vesicular colonization (Figure 5.2 b), and the percentage of 
uninfected roots ( Figure 5.2 c). However, all coefficients of determination were relatively small. 
Figure 5.2. Relationships between soil phosphorus concentration extractant by Modified Morgan soil test phosphorus 
for inoculated treatments on (a) vesicular arbuscular mycorrhiza fungi (VAM) arbuscular colonization;(b) VAM 
vesicularc colonization; (c) No VAM root infected. Means are significant at * P < 0.05. 
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5.4.2.5.  Relationships Between Soil Test Phosphorus Mehlich 3 Method and Mycorrhizal    
      Colonization for Russet Burbank Variety   
 A negative correlation with a weak and moderate coefficient of determination (R2= 0.26, 
0.40) was found between the soil phosphorus concentration and VAM arbuscular colonization and 
vascular for inoculated treatments (Figure 5.3 a and b). The linear equation showed a weak 
correlation between soil phosphorus test and no VAM root infected. The coefficient of 
determination (R2=0.23) was statistically significant (Figure 5.3  c).  
 
 
 
 
 
 
 
 
 
Figure 5.3. Relationships between soil phosphorus concentration extractant by Mehlich 3 soil test phosphorus for 
inoculated treatments on (a) vesicular arbuscular mycorrhiza fungi (VAM) arbuscular colonization;(b) VAM vesicular 
colonization; (c) No VAM root infected. Means are significant at * P < 0.05.  
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5.5.  Discussion 
 This study showed that the total potato yield, specific gravity, marketable, and 
unmarketable potato yield were not affected by mycorrhizal inoculation. Similarly, tuber number 
per plant, total tuber mean weight, petioles dry weight, phosphorus concentration, and phosphorus 
uptake was not significant to mycorrhizal inoculation. The observed effect could have been 
attributed to the high P soil (Douds and Reider, 2003). For plants grown with high soil phosphorus 
in an earlier study, the relative benefit of vesicular-arbuscular mycorrhizal (VAM) fungus 
symbiosis to potato growth was reduced, and root infection was low (McArthur and Knowles, 
1992). In that study, extracellular peroxidase activity of potato roots increased linearly with 
increasing phosphorus soil concentration, indicating a greater potential for resistance to 
mycorrhiza infection. In this regard, the VAM might change phenolic metabolism of potato roots 
to prevent ethylene production and the root’s ability to activate a defense response. Ethylene 
production may increase as a result of increased phosphorus applications and can increase the 
root’s resistance to VAM infection (McArthur and Knowles, 1992).  
Lack of responsiveness to VAM fungus infection in this study likely resulted from the short 
potato growing season in northern Maine. Potato harvest was synchronized with the period of tuber 
bulking (Dare et al., 2010). At this growth stage (fourteen weeks after potato planting date), 
translocation of substances (carbohydrates, sugars, starch, and amino acids) and photosynthates is 
totally directed to potato tubers (Dare et al., 2010). However, this might likely be impacted by 
potato varieties' genotype, soil phosphorus concentration, indigenous mycorrhizal fungi species 
population, and the other factors.  
 The potato might suffer reduced growth or phosphorus response at different phosphorus 
application rates due to VAM's carbon cost. The VAM uses fixed carbon from their hosts. Thus, 
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this carbon consumption might lead to the host's depletion carbon flow (Douds and Reider, 2003). 
High soil phosphorus levels have been shown to harm VAM infection (Balzergue et al. 2011; 
Breuillin et al. 2010; Menge et al. 1978). In this study, observations supported a scenario in which 
phosphorus level in shoot tissue generates a mobile signal to alter root physiology and to regulate 
VAM fungi colonization (Breuillin et al., 2010).  The adverse effect of high phosphorus soil levels 
on the VAM – plant symbiosis could also occur at VAM fungi establishment's vegetative growth 
stage. The biosynthesis of strigolactone, molecules that would be exuded by the plant into the 
rhizosphere that catalyze presymbiotic VAM fungal growth, is suppressed by high phosphorus 
levels (López-Ráez and Bouwmeester, 2008).   
 The phosphorus soil concentration levels can signal the cortical cells' reprogramming for 
retaining the VAM fungi, as symbiotic phosphorus import is important for arbuscule dynamics and 
progression of root colonization.  Alteration or silencing of plant VAM fungi or fungal phosphorus 
transporter leads to inhibition of symbiotic phosphorus transfer and a lessening of root colonization 
and early death of arbuscules (Xie et al., 2016).  
 The potato in this study grown in a conventional system. Conventional soil system often 
reduces the mycorrhizal infectivity to the  host species. Many studies reported that fertilizers on 
VAM fungi are limited in highly fertile soils (Breuillin et al., 2010; Hagan et al., 2018; Xie et al., 
2016). This is confirmed by this study’s results that showed negative relationships between 
arbuscules with soil test phosphorus (Modified Morgan and Mehlich 3) for both potato variates. 
On the contrary, the no VAM potato root infected increased as soil test phosphorus increased. 
However, all the relationships between VAM fungi inoculation and soil test phosphorus were very 
weak. This could be attributed to the fact that the phosphorus fertility, and it is likely that the high 
soil test phosphorus in an intensive farming system allowed potato roots alone to meet plant 
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phosphorus requirements without VAM fungi. The situation may be different on agricultural soils 
under less intensive management. Further work is required in different agricultural systems, 
including an organic system with high organic matter content and different potato variates and 
irrigation systems.  
5.6 Cconclusion   
 The current study has shown that the two potato variates were not responsive to VAM fungi 
inoculation. Applying different phosphorus rates and the mycorrhiza interactions did not affect 
total tuber yield, specific gravity, marketable, unmarketable yield, tuber number per plant, total 
tuber mean weight, petioles dry weight, phosphorus concentration, and uptake. The mycorrhiza 
colonization did not differ among the different phosphorus rates, but was higher for the inoculated 
treatments. Phosphorus measured using both methods had a very weak linear and non-linear 
correlation with the colonization of potato roots by VAM fungi.   
 
 
 
 
 
 
 
 
CHAPTER SIX 
RECOMMENDATIONS  
 In order to decrease phosphorus fertilization, and apparent phosphorus loss to the 
environment. This dissertation based on the higher soil phosphorus concentration that could raise 
the fertilizer application questions that could address this issue. The phosphorus fertilizers that 
can be applied to the soil with high soil phosphorus amount, but at the minimum phosphorus rates 
or even no phosphorus needed to be applied. Some soil characteristics can be taken into account 
regarding phosphorus use efficiency and obtain the optimum yield. Most of this dissertation's 
results did not show any significant differences in applying phosphorus application at the medium 
to high applications. In this study, the phosphorus application rate of 56 kg P ha−1 was the best at 
sites with a soil pH < 6, but 0–56 kg P ha−1 was the best at sites with soil pH ≥ 6.  
 Based on Cate-Nelson analysis for this study, at potato harvest, the highest robustness value 
(R2 = 62.0%) was obtained for the Cate-Nelson analysis with the Mehlich 3extractant method. The 
degree of phosphorus saturation (DPS) results, using the logarithmic model, showed that 
desorbable P increased from 16 to 29%. Due to the DPS values that higher than 11 %, there are no 
phosphorus fertilizers that could be applied and 0 kg P ha-1 is the best recommendation.  
 Passive sensor data extracted from visible and multispectral imagery provide satisfactory 
estimates of total potato yield at the early potato season and can be used to predict P stress though 
it predicted P uptake only late in the season. The ability to remotely sensed imagery to perfectly 
determine potato yield was demonstrated by the highly significant correlation of the NDVI, 
CHLGR, and ANTHO indices with total potato yield. This study was implemented with a limited  
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dataset to develop more accurate and robust significant models. Future investigations should 
assess these results with different soil P concentrations, under different environmental conditions, 
and using different active and passive sensors.   
 Regardless of the phosphorus rates, the mycorrhiza colonization did not differ among the 
treatments. Phosphorus measured using both methods had a very weak linear and non-linear 
correlation with the colonization of potato roots by VAM fungi. Thus, we recommend that the soils 
with high soil phosphorus test and soil pH higher than 6 do not receive additional mycorrhiza.
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APPENDIX A: Microscope images for mycorrhiza staining to investigate the 
mycorrhiza potato root infection.  
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Appendix C.  Potato Growing Soil Chemical Data Extracted by Mehlich 3 Method 
before Potato Planting at the Experimental Sites used at This Study 
 
 
 
 
 
 
sites Ca K Mg P Al Cu Fe Mn Na S Zn 
mg nutrient  kg-1 soil   
CA2 744 348 132 586 1789 6.2 483 54 15 27 4.4 
CA3 1652 292 130 537 1796 6.7 394 49 15 16 6.1 
LM 1174 230 130 558 1822 13 396 31 13 16 2.5 
AF3 1346 234 189 341 1600 3.6 334 35 18 17 1.4 
AF4 1418 160 292 423 1594 3.6 368 48 18 18 2.1 
AF1 1375 300 262 440 1590 4.4 388 39 36 22 2.5 
AF2 2313 225 268 421 1444 4.4 375 47 18 25 2.0 
NS1 1122 221 153 469 1595 6.1 438 109 19 115 4.3 
NS2 1605 151 163 257 1395 5.5 390 59 30 23 3.6 
FR 1170 237 127 379 1735 9.0 309 25 14 24 3.7 
WL 1343 256 142 356 1547 9.9 317 67 14 16 4.2 
CA1 1485 376 177 470 1595 10.7 343 35 10 13 4.6 
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Appendix D.  Potato Growing Soil Chemical Data Extracted by Modified Morgan Method before Potato Planting at the 
Experimental Sites used at This Study 
 
 
 
 
 
 
 
 
 
 sites pH OM N-NO3 N-NH4 P K Ca Mg S B Cu Fe Mn Zn CEC 
  % mg N kg-1 soil lbs/acre %sat mg N kg-1 soil 
meq 100 g soil 
-1 
CA2 5.4 2.6 8 10 35.6 10.6 35.7 12.6 12 0.4 1.22 8.2 13 1.6 7.2 
CA3 6.3 3.3 7 7 47.6 9.4 78.9 11.7 6 0.5 0.94 4.1 5.8 1.4 7.0 
LM 5.9 1.6 3 19 35.8 11.8 68.2 20.0 5 0.3 2.89 4.7 6.8 0.7 4.6 
AF3 6.0 2.3 5 4 22.4 10.2 66.5 23.3 5 0.3 0.43 4.5 2.6 0.3 5.4 
AF4 6.1 3.1 6 6 34.0 5.8 70.0 24.1 4 0.3 0.46 4.8 5.3 0.5 6.3 
AF1 6.1 2.6 4 15 26.1 11.7 66.3 22.0 9 0.2 0.41 2.7 7.1 0.3 5.9 
AF2 6.4 4.0 12 17 42.4 6.4 71.2 22.3 12 0.3 0.40 3.0 8.2 0.3 7.9 
NS1 4.9 3.1 62 28 24.4 6.5 28.2 6.5 10 1.6 0.94 5.3 5.5 1.6 8.1 
NS2 5.6 5.3 2 25 20.2 4.3 60.0 13.3 15 0.5 0.63 9.5 25 1.2 8.8 
FR 5.9 4.9 5 1 39.5 9.3 77.1 13.6 15 0.3 0.85 10 4.2 1.3 7.3 
WL 5.8 4.1 15 5 32.9 9.9 62.6 14.7 9 0.3 0.71 6.8 8.4 1.6 7.3 
CA1 6.5 3.7 6 1 47.2 12.8 69.2 18.0 8 0.3 0.67 5.0 3.2 1.3 7.9 
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Appendix E.  Potato Growing Soil Chemical Data Extracted by Modified Morgan Method at Tuber initiation at 2018 at the 
Experimental Sites used at This Study. 
 
Trt 
Myco
rrhiza 
soil 
pH 
buffer 
pH OM 
NO
3-N 
NH4-
N Ca K Mg P Al B Cu Fe Mn Na S Zn CEC K Mg Ca 
    % mg nutrients kg soil -1  % 
101 WM 5.9 6.08 3.8 33 4.3 1473 331 200 17.9 50 0.2 0.39 3.6 4.6 20 54 0.76 9.9 8.6 16.7 74.7 
101 NM 6.5 6.13 3.2 0.7 2.2 1429 243 215 13.7 77 0.2 0.45 4.6 3.0 19 8.5 0.22 9.5 6.5 18.5 75.0 
102 WM 6.6 6.22 3.6 10 3.0 1498 245 194 18.3 43 0.2 0.33 3.6 2.8 19 6.3 0.14 9.7 6.5 16.4 77.1 
102 NM 6.5 6.18 4.4 14 4.0 1593 264 193 18.4 46 0.2 0.32 4.6 3.4 19 7.0 0.22 10.2 6.6 15.5 77.9 
103 WM 6.4 6.23 3.9 13 4.2 1540 268 196 18.3 44 0.2 0.25 3.3 3.2 18 15 0.17 10.0 6.9 16.1 77.1 
103 NM 6.5 6.17 4.2 8.7 2.9 1491 218 190 15.1 55 0.2 0.32 4.2 3.0 18 7.4 0.13 9.6 5.8 16.3 77.9 
104 WM 6.4 6.21 4.2 14 2.6 1504 258 226 15.6 46 0.2 0.27 3.5 3.6 23 8.8 0.15 10.0 6.6 18.5 75.0 
104 NM 6.5 6.19 3.4 6.2 2.3 1269 208 209 12.9 57 0.1 0.29 3.5 2.8 17 6.4 0.11 8.6 6.2 19.9 73.9 
105 WM 6.6 6.25 3.2 2.8 2.5 1298 255 250 15.5 49 0.1 0.27 2.9 3.1 18 6.8 0.06 9.2 7.1 22.3 70.6 
105 NM 6.7 6.27 3.2 11 2.2 1266 225 273 14.4 51 0.2 0.27 3.3 2.7 16 7.9 0.04 9.1 6.3 24.5 69.2 
106 WM 6.3 6.21 2.9 20 1.8 1149 204 253 13.2 58 0.1 0.29 3.6 2.4 19 7.3 0.10 8.3 6.3 24.9 68.9 
106 NM 6.5 6.21 2.5 8.3 2.6 1241 226 252 13.0 56 0.1 0.30 3.8 2.4 18 6.6 0.10 8.8 6.5 23.3 70.2 
201 WM 6.4 6.22 3.6 16 8.1 1674 226 195 17.3 48 0.2 0.29 3.8 3.3 18 9.5 0.21 10.5 5.5 15.2 79.3 
201 NM 6.5 6.16 4.4 8.9 3.4 1674 201 199 12.0 68 0.2 0.31 5.4 3.1 23 9.5 0.16 10.5 4.9 15.5 79.6 
202 WM 6.7 6.29 4.6 6.3 2.4 1844 240 190 19.9 41 0.2 0.32 3.3 3.2 18 5.9 0.17 11.4 5.4 13.7 80.9 
202 NM 6.7 6.24 4.6 6.7 2.3 1736 253 180 18.9 45 0.3 0.34 3.5 2.9 19 6.4 0.24 10.8 6.0 13.7 80.4 
203 WM 6.5 6.20 4.9 11 3.2 1533 239 218 15.0 58 0.2 0.33 5.3 3.4 18 7.4 0.15 10.1 6.1 17.8 76.2 
203 NM 6.5 6.21 4.4 12 2.6 1648 232 186 16.5 46 0.2 0.32 3.6 3.2 18 7.3 0.13 10.4 5.7 14.7 79.6 
204 WM 6.1 6.16 4.6 28 4.6 1378 207 212 11.2 63 0.1 0.25 5.6 4.1 14 7.3 0.12 9.2 5.8 19.0 75.3 
204 NM 6.3 6.17 3.2 12 2.7 1219 154 221 9.2 71 0.2 0.27 4.5 2.9 18 6.7 0.10 8.3 4.7 21.8 73.4 
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205 WM 6.5 6.25 3.7 21 2.6 1309 247 287 14.9 50 0.1 0.29 3.0 3.4 18 6.9 0.07 9.5 6.6 24.7 68.7 
205 NM 6.6 6.25 3.5 13 5.4 1201 221 271 13.1 64 0.1 0.23 3.5 2.7 20 7.8 0.03 8.8 6.4 25.2 68.3 
206 WM 6.3 6.24 4.4 20 2.8 1159 228 289 12.4 62 0.1 0.33 3.5 3.1 15 5.6 0.08 8.7 6.7 27.1 66.2 
206 NM 5.8 6.09 2.3 37 3.4 1000 224 243 10.1 80 0.1 0.31 5.0 3.2 18 24 0.09 8.1 7.1 24.7 61.9 
301 WM 5.6 6.05 4.7 88 6.6 1778 451 204 36.8 41 0.2 0.31 3.7 12. 35 58 0.55 13.3 8.6 12.5 66.6 
301 NM 6.1 6.14 4.7 33 5.1 1674 296 188 23.7 45 0.2 0.29 3.5 4.7 26 24 0.26 10.7 7.1 14.4 78.5 
302 WM 5.9 6.13 5.4 62 7.7 2010 450 214 56.2 31 0.2 0.33 3.2 8.3 32 11 0.50 13.0 8.9 13.5 77.6 
302 NM 6.1 6.16 5.9 64 3.5 1987 385 219 26.2 34 0.3 0.26 3.3 6.2 23 19 0.33 12.7 7.7 14.1 78.2 
303 WM 6.3 6.20 5.4 18 3.2 1638 266 227 17.6 45 0.2 0.32 3.6 4.2 22 7.9 0.57 10.7 6.3 17.4 76.3 
303 NM 6.1 6.15 5.7 57 15 1755 477 218 17.7 44 0.2 0.32 4.0 5.0 21 25 0.21 11.8 10.4 15.1 74.5 
304 WM 6.2 6.14 4.6 9.3 3.5 1334 206 229 12.0 63 0.2 0.34 4.8 3.6 20 6.8 0.16 9.1 5.8 20.7 73.5 
304 NM 5.5 6.06 3.8 118 72 1297 389 249 12.8 75 0.1 0.37 4.9 6.5 26 62 0.19 11.5 8.7 17.8 56.5 
305 WM 6.2 6.22 4.0 32 3.0 1246 238 299 16.8 57 0.1 0.33 4.5 2.9 14 14 0.11 9.3 6.6 26.3 67.1 
305 NM 6.5 6.24 4.6 24 2.8 1292 225 308 15.9 54 0.2 0.30 3.2 2.7 21 8.5 0.06 9.6 6.0 26.4 67.6 
306 WM 6.3 6.26 3.8 31 2.5 1253 207 304 15.8 55 0.1 0.33 3.2 3.2 16 7.3 0.08 9.3 5.7 26.8 67.5 
306 NM 5.5 6.02 2.8 123 18 1212 428 280 21.2 58 0.1 0.38 3.5 6.9 22 41 0.30 11.5 9.6 20.0 52.9 
401 WM 5.7 5.94 4.5 87 14 1641 376 212 21.7 47 0.2 0.33 3.9 6.4 17 22 0.29 12.2 7.9 14.2 67.2 
401 NM 5.6 5.78 4.5 91 18 1524 333 202 16.2 56 0.2 0.31 4.4 7.8 15 39 0.30 12.5 6.8 13.2 60.9 
402 WM 5.8 6.01 4.7 69 9.2 1624 315 211 16.5 49 0.2 0.34 3.9 5.7 22 12 0.28 11.7 6.9 14.8 69.2 
402 NM 6.4 6.15 4.9 14 3.2 1746 225 208 18.7 48 0.2 0.40 5.8 3.4 19 9.1 0.23 11.0 5.2 15.5 79.3 
403 WM 6.4 6.14 5.2 15 3.2 1603 286 242 19.0 48 0.2 0.33 4.1 4.1 15 7.1 0.21 10.7 6.8 18.5 74.7 
403 NM 5.8 6.03 5.0 69 11 1631 308 215 18.8 49 0.2 0.40 4.2 5.5 19 24 0.37 11.6 6.8 15.2 70.2 
404 WM 5.6 6.02 4.8 73 74 1593 540 219 79.8 33 0.1 0.43 2.7 8.3 35 49 0.60 12.6 11.0 14.2 63.3 
404 NM 5.7 6.06 4.1 40 9.7 1332 245 251 21.7 60 0.1 0.35 3.9 5.6 22 20 0.37 10.3 6.1 19.9 64.3 
Trt 
Myco
rrhiza 
soil 
pH 
buffer 
pH 
%O
M 
NO
3-N 
NH4-
N Ca K Mg P Al B Cu Fe Mn Na S Zn CEC % K 
% 
Mg % Ca 
405 WM 6.5 6.20 3.7 17 2.2 1206 244 295 15.0 59 0.1 0.34 3.7 2.4 19 7.4 0.06 9.1 6.9 26.7 66.4 
405 NM 6.2 6.20 4.0 30 5.9 1248 262 300 15.8 56 0.2 0.36 3.5 3.2 16 7.1 0.11 9.4 7.1 26.3 66.6 
406 WM 6.0 6.13 4.3 65 3.8 1260 275 326 15.3 60 0.1 0.36 3.5 4.0 18 11 0.16 9.7 7.3 27.6 65.1 
406 NM 5.4 5.98 3.0 70 18 1075 355 251 20.5 75 0.1 0.50 4.6 7.5 23 28 0.41 10.9 8.3 18.8 49.1 
101 WM 5.9 6.04 4.3 19 7.9 1024 351 212 17.3 53 0.2 0.37 3.6 5.2 15 22 0.27 7.7 11.6 22.4 66.0 
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101 NM 6.2 6.16 3.7 18 3.7 1009 329 239 17.6 52 0.1 0.44 3.4 3.3 16 4.9 0.21 7.8 10.7 25.0 64.3 
102 WM 6.2 6.08 3.1 16 3.4 935 198 223 14.3 71 0.1 0.57 4.6 2.4 18 6.4 0.24 7.0 7.2 26.1 66.7 
102 NM 6.5 6.27 3.7 17 2.2 1037 171 259 16.2 57 0.1 0.45 4.0 2.3 13 5.5 0.04 7.7 5.6 27.4 67.0 
103 WM 6.3 6.17 3.4 12 2.8 980 149 232 14.3 70 0.1 0.57 4.2 2.4 16 6.8 0.09 7.2 5.3 26.5 68.2 
103 NM 5.8 6.07 3.4 20 3.9 852 168 201 13.6 86 0.1 0.65 5.4 2.9 16 7.2 0.20 6.9 6.2 23.7 61.3 
104 WM 6.0 6.09 3.6 24 3.4 1001 201 195 13.4 67 0.1 0.39 4.4 3.6 15 10 0.24 7.1 7.2 22.4 70.3 
104 NM 6.3 6.18 3.9 17 4.5 1210 143 218 13.3 64 0.2 0.45 4.1 3.3 16 8.9 0.18 8.2 4.5 21.8 73.8 
105 WM 6.4 6.17 5.1 9.3 4.0 1481 213 176 19.4 42 0.2 0.36 3.1 3.5 13 8.3 0.24 9.4 5.8 15.4 78.8 
105 NM 6.6 6.29 5.4 28 3.5 1795 243 228 27.6 35 0.2 0.30 4.0 4.1 15 23 0.27 11.5 5.4 16.3 78.3 
106 WM 6.3 6.12 5.6 18 4.5 1623 259 197 20.4 39 0.2 0.35 3.1 4.6 14 8.4 0.34 10.4 6.4 15.6 78.1 
106 NM 6.4 6.20 4.2 15 2.9 1585 186 171 20.9 44 0.2 0.41 3.5 4.1 16 9.5 0.23 9.8 4.9 14.3 80.9 
201 WM 5.9 6.10 3.8 43 5.9 1130 280 235 18.3 59 0.1 0.48 3.5 4.6 20 12 0.19 8.3 8.6 23.2 68.2 
201 NM 6.4 6.21 3.8 11 4.8 1077 298 239 16.0 56 0.1 0.49 3.4 3.1 13 5.3 0.08 8.1 9.4 24.1 66.4 
202 WM 6.1 6.10 3.5 13 4.2 964 223 217 16.4 68 0.1 0.53 4.5 3.7 17 8.3 0.18 7.2 8.0 24.8 67.2 
202 NM 6.0 6.13 3.2 39 11 1312 364 262 78.3 39 0.1 0.54 2.9 5.7 20 65 0.53 9.6 9.7 22.3 68.1 
203 WM 6.4 6.18 3.5 12 4.2 1012 212 230 16.0 66 0.1 0.55 3.8 2.4 15 6.1 0.09 7.5 7.2 25.2 67.6 
203 NM 6.3 6.18 3.6 15 3.8 1038 247 236 15.6 64 0.2 0.48 3.8 2.9 19 7.1 0.14 7.8 8.1 24.9 66.9 
204 WM 6.1 6.13 3.9 31 3.9 1094 249 184 12.5 75 0.1 0.44 4.6 3.6 16 15 0.24 7.6 8.4 19.8 71.8 
Trt 
Myco
rrhiza 
soil 
pH 
buffer 
pH 
%O
M 
NO
3-N 
NH4-
N Ca K Mg P Al B Cu Fe Mn Na S Zn CEC % K 
% 
Mg % Ca 
204 NM 6.2 6.22 4.5 36 4.2 1402 248 224 14.0 58 0.2 0.35 3.6 4.3 17 8.5 0.20 9.5 6.7 19.3 74.0 
205 WM 6.5 6.24 4.5 15 2.9 1642 307 177 21.9 38 0.2 0.36 3.0 3.9 16 8.4 0.24 10.4 7.5 13.9 78.6 
205 NM 6.6 6.31 4.9 20 3.1 1923 288 193 29.4 31 0.2 0.32 2.9 4.1 18 13 0.29 11.9 6.2 13.3 80.6 
206 WM 6.7 6.25 4.9 8 2.7 1746 222 198 21.2 38 0.3 0.32 3.0 3.7 23 8.4 0.22 10.9 5.2 14.9 79.9 
206 NM 6.2 6.24 3.8 41 3.8 1692 261 171 17.9 43 0.2 0.29 3.3 4.9 19 20 0.17 10.5 6.3 13.3 80.4 
301 WM 6.2 6.10 4.0 7.6 3.1 1082 218 213 14.7 63 0.1 0.55 3.9 3.5 17 6.2 0.19 7.7 7.2 22.6 70.1 
301 NM 6.5 6.16 3.6 6.1 2.3 1152 203 246 16.2 58 0.2 0.56 3.6 2.9 21 7.0 0.13 8.3 6.2 24.3 69.4 
302 WM 6.4 6.19 3.7 6.2 3.2 1142 238 230 18.0 57 0.2 0.50 3.6 2.8 20 7.3 0.17 8.2 7.4 23.0 69.6 
302 NM 6.4 6.23 4.0 15 2.7 1196 286 260 19.7 50 0.2 0.49 3.1 3.2 19 8.1 0.16 8.8 8.3 24.1 67.6 
303 WM 6.4 6.23 3.5 17 3.0 1197 206 238 18.3 57 0.2 0.50 4.6 2.8 18 8.2 0.12 8.5 6.2 23.1 70.7 
303 NM 6.4 6.19 3.8 8.3 1.9 1078 183 219 15.2 69 0.2 0.58 4.0 2.6 22 6.7 0.10 7.7 6.1 23.4 70.5 
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304 WM 6.4 6.13 4.2 0.8 2.9 1334 220 201 15.1 56 0.2 0.41 3.6 3.5 23 12 0.20 8.9 6.3 18.6 75.1 
304 NM 6.6 6.19 4.1 10 3.5 1461 200 208 16.0 50 0.2 0.37 3.3 3.0 23 7.5 0.13 9.5 5.4 17.9 76.7 
305 WM 6.5 6.24 5.8 27 3.1 1996 347 226 30.9 30 0.3 0.26 2.9 4.7 24 16 0.34 12.7 7.0 14.6 78.4 
305 NM 6.6 6.29 6.2 31 6.2 2240 439 205 35.5 27 0.4 0.31 3.0 5.0 21 15 0.37 14.0 8.0 12.0 80.0 
306 WM 6.6 6.24 5.2 8.8 2.6 1890 282 209 24.8 33 0.3 0.33 3.0 4.1 23 9.9 0.28 11.9 6.1 14.4 79.5 
306 NM 6.4 6.24 4.7 27 3.2 1955 296 187 25.5 36 0.3 0.34 3.3 5.4 27 16 0.30 12.1 6.3 12.7 81.0 
401 WM 6.2 6.07 3.8 4.8 3.0 1093 247 201 14.7 61 0.1 0.58 4.3 4.3 19 6.9 0.24 7.7 8.2 21.2 70.6 
401 NM 6.2 6.13 4.2 18 4.6 1236 290 234 16.5 50 0.2 0.51 3.4 4.6 17 7.7 0.24 8.8 8.4 21.7 69.9 
402 WM 6.3 6.11 3.8 5.9 3.2 1167 240 235 17.2 50 0.1 0.54 3.1 3.7 19 6.2 0.19 8.4 7.3 23.0 69.7 
402 NM 6.6 6.17 4.2 0.4 2.6 1205 238 254 18.0 50 0.2 0.51 3.2 3.2 22 6.0 0.15 8.7 7.0 23.9 69.1 
403 WM 6.4 6.18 3.7 12 2.8 1231 275 233 18.9 50 0.1 0.47 3.7 3.5 21 9.4 0.22 8.8 8.0 21.8 70.2 
403 NM 6.3 6.14 4.1 15 2.6 1272 313 210 18.6 47 0.2 0.52 3.1 4.5 28 11 0.36 8.9 9.0 19.4 71.6 
404 WM 6.5 6.18 4.0 11 3.9 1406 270 207 18.4 48 0.2 0.52 3.7 3.4 23 9.7 0.25 9.4 7.3 18.0 74.7 
404 NM 6.7 6.26 4.0 7.8 3.2 1474 223 221 20.9 45 0.2 0.41 3.2 2.8 21 8.2 0.15 9.7 5.8 18.6 75.6 
405 WM 6.5 6.25 5.3 16 3.9 1865 365 226 29.5 30 0.3 0.33 2.8 4.7 26 20 0.35 12.1 7.7 15.3 77.0 
405 NM 6.6 6.24 4.8 9.5 3.7 1815 306 184 27.0 31 0.3 0.34 2.9 3.6 18 15 0.27 11.4 6.9 13.3 79.9 
406 WM 6.5 6.21 5.3 14 5.1 1808 297 225 25.5 31 0.3 0.31 2.8 4.2 20 9.2 0.33 11.6 6.5 15.8 77.6 
406 NM 6.5 6.19 4.2 7.9 3.0 1475 247 200 20.5 40 0.2 0.44 3.0 3.4 17 7.6 0.23 9.6 6.5 17.0 76.5 
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Appendix F.  Potato Growing Soil Chemical Data Extracted by Mehlich 3 Method at Tuber initiation at 2018 at the 
Experimental Sites used at This Study 
Trt Mycorrhiza Ca K Mg P Al B Cu Fe Mn Na S Zn  P/Al  P Al Fe 
  mg nutrient kg soil-1  ratio  mmol kg-1  
101 WM 1662 325 226 379 1370 1.5 7.2 299 30 23 32 2.7  0.28  12.2 50.7 5.4 
101 NM 1430 211 213 330 1424 1.3 7.3 281 23 21 15 1.3  0.23  10.6 52.7 5.0 
102 WM 1661 241 216 375 1338 1.5 7.2 304 28 23 13 1.4  0.28  12.1 49.6 5.4 
102 NM 1812 259 214 367 1282 1.4 6.9 284 27 23 14 1.6  0.29  11.9 47.5 5.1 
103 WM 1670 251 211 368 1314 1.4 6.7 297 29 23 16 1.4  0.28  11.9 48.7 5.3 
103 NM 1553 198 200 325 1346 1.4 6.2 282 25 25 14 1.2  0.24  10.5 49.9 5.0 
104 WM 1571 236 234 326 1282 1.3 5.8 271 28 26 14 1.2  0.25  10.5 47.5 4.8 
104 NM 1315 191 217 307 1334 1.2 5.2 272 27 20 12 0.9  0.23  9.9 49.4 4.9 
105 WM 1308 234 255 325 1298 1.2 4.9 285 31 19 12 0.9  0.25  10.5 48.1 5.1 
105 NM 1297 206 280 302 1283 1.2 4.5 266 28 20 12 0.8  0.24  9.7 47.5 4.8 
106 WM 1209 191 265 317 1357 1.2 4.9 280 27 23 13 0.8  0.23  10.2 50.3 5.0 
106 NM 1211 211 265 311 1334 1.2 4.9 277 26 23 12 0.8  0.23  10.0 49.4 5.0 
201 WM 1749 207 203 349 1273 1.4 5.8 285 28 21 16 1.5  0.27  11.2 47.1 5.1 
201 NM 1644 182 205 281 1288 1.3 5.0 279 23 27 16 1.1  0.22  9.0 47.7 5.0 
202 WM 1910 219 197 362 1229 1.4 6.5 291 28 19 13 1.4  0.29  11.7 45.5 5.2 
202 NM 1941 248 206 387 1407 1.7 6.8 317 30 18 15 1.6  0.27  12.5 52.1 5.7 
203 WM 1798 248 256 351 1450 1.6 6.5 299 26 20 16 1.3  0.24  11.3 53.7 5.3 
203 NM 1928 242 224 368 1417 1.7 6.7 318 29 21 16 1.4  0.26  11.9 52.5 5.7 
204 WM 1565 217 244 289 1394 1.4 5.5 288 29 15 14 1.1  0.21  9.3 51.6 5.2 
204 NM 1305 151 243 246 1395 1.3 4.2 275 28 20 13 0.9  0.18  7.9 51.7 4.9 
205 WM 1436 247 320 323 1394 1.3 4.7 287 32 20 13 1.0  0.23  10.4 51.6 5.1 
205 NM 1326 216 298 310 1390 1.3 4.5 274 28 20 14 0.8  0.22  10.0 51.5 4.9 
206 WM 1255 225 319 309 1432 1.3 4.3 290 30 17 12 0.9  0.22  10.0 53.0 5.2 
206 NM 1068 224 268 293 1422 1.3 4.3 291 29 18 32 0.8  0.21  9.4 52.7 5.2 
  
 
 
 
185 
301 WM 2130 471 239 568 1422 1.7 6.5 362 43 39 44 2.9  0.40  18.3 52.7 6.5 
301 NM 1970 322 227 442 1446 1.7 7.0 338 33 31 23 1.9  0.31  14.3 53.6 6.1 
302 WM 2278 476 255 621 1396 1.8 7.3 363 41 36 42 3.3  0.44  20.0 51.7 6.5 
302 NM 2293 399 255 463 1373 1.8 7.3 346 38 27 24 2.4  0.34  14.9 50.9 6.2 
303 WM 1974 283 273 391 1397 1.7 7.4 325 31 25 17 1.7  0.28  12.6 51.7 5.8 
303 NM 2048 498 261 391 1416 1.7 7.6 330 32 24 28 1.7  0.28  12.6 52.4 5.9 
304 WM 1398 197 242 275 1285 1.3 5.2 267 25 23 12 1.3  0.21  8.9 47.6 4.8 
304 NM 1360 374 268 301 1363 1.3 4.9 273 26 32 31 1.1  0.22  9.7 50.5 4.9 
Trt Mycorrhiza Ca K Mg P Al B Cu Fe Mn Na S Zn  P/Al  P Al Fe 
  mg nutrient kg soil-1  ratio  mmol kg-1  
305 WM 1344 226 318 359 1330 1.2 5.4 279 26 20 19 0.9  0.27  11.6 49.3 5.0 
305 NM 1357 205 322 333 1290 1.3 5.2 276 27 22 14 0.9  0.26  10.7 47.8 4.9 
306 WM 1344 194 321 339 1301 1.2 5.3 279 30 19 20 0.9  0.26  10.9 48.2 5.0 
306 NM 1245 390 286 391 1302 1.3 5.4 293 31 29 31 1.3  0.30  12.6 48.2 5.3 
401 WM 1740 346 223 398 1299 1.4 6.6 314 33 24 25 1.7  0.31  12.8 48.1 5.6 
401 NM 1597 309 212 383 1308 1.4 6.7 315 33 21 23 1.6  0.29  12.4 48.4 5.6 
402 WM 1707 288 219 385 1280 1.5 7.1 315 31 27 19 1.6  0.30  12.4 47.4 5.6 
402 NM 1846 214 222 393 1295 1.5 7.5 314 29 24 17 1.6  0.30  12.7 48.0 5.6 
403 WM 1670 268 257 376 1272 1.5 7.2 311 28 23 15 1.4  0.30  12.1 47.1 5.6 
403 NM 1755 290 227 395 1291 1.5 7.5 323 29 25 23 1.7  0.31  12.7 47.8 5.8 
404 WM 1692 505 231 647 1258 1.5 7.0 341 30 43 39 3.0  0.51  20.9 46.6 6.1 
404 NM 1374 228 259 365 1315 1.3 5.6 293 28 29 23 1.6  0.28  11.8 48.7 5.2 
405 WM 1266 223 309 338 1337 1.3 5.8 289 25 25 14 0.8  0.25  10.9 49.5 5.2 
405 NM 1312 245 311 347 1314 1.4 5.7 289 27 23 13 1.0  0.26  11.2 48.7 5.2 
406 WM 1273 248 328 327 1261 1.3 5.2 284 29 25 15 1.1  0.26  10.6 46.7 5.1 
406 NM 1096 328 255 412 1375 1.3 5.7 308 29 29 28 1.3  0.30  13.3 50.9 5.5 
101 WM 1135 342 239 406 1382 1.5 5.9 313 27 19 17 1.3  0.29  13.1 51.2 5.6 
101 NM 1132 325 261 433 1448 1.4 6.7 311 25 20 12 1.0  0.30  14.0 53.6 5.6 
102 WM 1024 193 239 408 1484 1.3 7.3 305 22 19 14 1.0  0.28  13.2 55.0 5.5 
102 NM 1185 167 287 402 1434 1.3 7.4 297 23 19 13 0.8  0.28  13.0 53.1 5.3 
  
 
 
 
186 
103 WM 1021 138 240 387 1441 1.3 6.8 291 23 23 14 0.9  0.27  12.5 53.4 5.2 
103 NM 957 162 222 366 1472 1.2 7.3 279 20 20 15 1.0  0.25  11.8 54.5 5.0 
104 WM 1108 196 209 328 1294 1.2 5.5 270 25 20 16 1.3  0.25  10.6 47.9 4.8 
104 NM 1247 127 221 315 1318 1.2 5.9 250 23 20 16 1.2  0.24  10.2 48.8 4.5 
105 WM 1553 196 183 395 1231 1.4 7.2 281 27 18 15 1.6  0.32  12.7 45.6 5.0 
105 NM 1928 225 236 460 1278 1.5 7.8 300 33 22 33 2.0  0.36  14.8 47.3 5.4 
106 WM 1743 245 210 399 1251 1.4 7.2 285 30 19 16 1.9  0.32  12.9 46.3 5.1 
106 NM 1862 195 204 442 1449 1.6 8.2 328 35 23 19 2.1  0.30  14.3 53.7 5.9 
201 WM 1354 282 280 438 1495 1.4 7.1 320 26 35 21 1.7  0.29  14.1 55.4 5.7 
201 NM 1288 311 284 413 1515 1.5 7.3 332 28 22 14 1.2  0.27  13.3 56.1 5.9 
202 WM 1120 221 247 454 1490 1.4 7.2 327 25 24 17 1.2  0.30  14.7 55.2 5.9 
202 NM 1603 369 313 751 1519 1.5 7.8 344 27 29 58 2.6  0.49  24.2 56.3 6.2 
203 WM 1180 213 266 438 1518 1.4 7.5 327 24 19 14 1.2  0.29  14.1 56.2 5.9 
203 NM 1232 250 276 434 1516 1.5 7.5 330 25 25 16 1.2  0.29  14.0 56.1 5.9 
Trt Mycorrhiza Ca K Mg P Al B Cu Fe Mn Na S Zn  P/Al  P Al Fe 
  mg nutrient kg soil-1  ratio  mmol kg-1  
204 WM 1308 246 225 364 1490 1.4 6.4 312 27 28 24 1.8  0.24  11.7 55.2 5.6 
204 NM 1606 236 263 351 1410 1.5 6.5 299 29 34 18 2.2  0.25  11.3 52.2 5.4 
205 WM 1915 306 212 446 1370 1.7 7.7 347 36 23 18 2.0  0.33  14.4 50.7 6.2 
205 NM 2291 306 234 494 1321 1.8 8.0 342 37 28 24 2.5  0.37  15.9 48.9 6.1 
206 WM 2088 226 237 425 1359 1.7 7.5 324 35 31 18 1.9  0.31  13.7 50.3 5.8 
206 NM 1940 260 202 405 1376 1.7 7.2 335 40 28 27 1.7  0.29  13.0 51.0 6.0 
301 WM 1273 219 249 401 1461 1.5 8.6 336 28 26 14 1.3  0.27  12.9 54.1 6.0 
301 NM 1354 202 289 415 1456 1.6 9.0 343 29 31 15 1.1  0.28  13.4 53.9 6.1 
302 WM 1350 245 268 454 1518 1.6 8.7 344 27 24 15 1.4  0.30  14.6 56.2 6.2 
302 NM 1392 285 294 447 1414 1.5 8.4 332 27 25 15 1.3  0.32  14.4 52.4 5.9 
303 WM 1217 181 240 413 1347 1.4 7.1 323 25 22 14 1.1  0.31  13.3 49.9 5.8 
303 NM 1145 165 228 373 1363 1.3 7.6 297 21 28 13 0.9  0.27  12.0 50.5 5.3 
304 WM 1356 196 208 346 1311 1.4 6.4 295 27 28 17 1.4  0.26  11.2 48.6 5.3 
304 NM 1529 182 220 352 1321 1.4 7.0 299 28 28 14 1.3  0.27  11.4 48.9 5.4 
  
 
 
 
187 
305 WM 2072 310 237 439 1204 1.6 7.2 313 35 30 22 2.4  0.36  14.2 44.6 5.6 
305 NM 2218 387 214 441 1129 1.7 7.0 315 36 28 20 2.7  0.39  14.2 41.8 5.6 
306 WM 1944 249 213 405 1220 1.6 6.9 316 36 29 17 2.2  0.33  13.1 45.2 5.7 
306 NM 2081 286 213 437 1325 1.7 7.6 332 39 32 24 2.4  0.33  14.1 49.1 5.9 
401 WM 1221 234 217 397 1435 1.5 9.0 348 38 26 14 1.5  0.28  12.8 53.1 6.2 
401 NM 1367 274 253 400 1377 1.5 9.0 340 39 22 15 1.7  0.29  12.9 51.0 6.1 
402 WM 1307 228 257 406 1380 1.6 8.8 347 34 24 13 1.5  0.29  13.1 51.1 6.2 
402 NM 1275 214 265 406 1349 1.5 8.3 333 28 27 12 1.4  0.30  13.1 50.0 6.0 
403 WM 1376 259 251 440 1375 1.5 8.3 344 30 23 16 1.4  0.32  14.2 50.9 6.2 
403 NM 1432 320 238 439 1409 1.7 8.1 351 35 31 18 1.8  0.31  14.2 52.2 6.3 
404 WM 1530 257 224 412 1392 1.6 8.3 338 30 25 16 1.6  0.30  13.3 51.6 6.1 
404 NM 1632 214 247 413 1365 1.6 8.3 332 29 24 15 1.6  0.30  13.3 50.6 5.9 
405 WM 2051 351 250 463 1282 1.8 8.1 339 36 32 27 2.6  0.36  14.9 47.5 6.1 
405 NM 1933 286 200 434 1236 1.7 7.7 340 34 26 21 2.2  0.35  14.0 45.8 6.1 
406 WM 1901 272 241 426 1250 1.7 7.5 335 35 23 16 2.4  0.34  13.8 46.3 6.0 
406 NM 1687 243 228 428 1347 1.7 8.2 340 34 23 15 1.9  0.32  13.8 49.9 6.1 
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Appendix G.  Potato Growing Soil Chemical Data Extracted by Modified Morgan Method Collected at Harvest 2018 at the 
Experimental Sites used at This Study 
 
Sites soil pH buffer pH OM NO3-N NH4-N Ca K Mg P Al B Cu Fe Mn Na S Zn CEC K  Mg Ca 
acdt
y 
   % mg nutrient kg soil-1  % 
FR 4.8 5.62 5.2 24.5 4.4 649 196 65 11.2 143 0.2 0.90 16.1 14.6 17 42 1.2 10.0 5.0 5.4 32.4 57.2 
FR 5.2 5.66 5.6 13.5 4.2 897 181 86 12.9 125 0.2 0.81 12.1 12.4 17 29 1.3 9.6 4.8 7.4 46.5 41.3 
FR 5.4 5.81 4.9 9.9 3.4 1022 176 97 18.0 105 0.2 0.75 8.8 10.5 21 43 1.3 9.4 4.8 8.5 54.6 32.1 
FR 5.3 5.75 4.7 8.1 3.0 956 143 84 16.5 124 0.2 0.89 10.9 10.2 18 78 1.3 9.2 4.0 7.5 52.0 36.5 
FR 5.6 5.97 4.7 11.8 5.3 1070 156 110 16.2 106 0.2 0.72 7.8 6.8 21 50 1.0 8.4 4.7 10.7 63.5 21.1 
FR 5.7 5.91 4.6 10.5 3.8 1193 164 129 20.5 91 0.2 0.68 6.5 6.9 17 19 0.9 8.9 4.7 11.9 67.2 16.1 
FR 4.9 5.68 5.5 11.0 5.9 701 129 71 12.4 174 0.1 0.84 20.7 13.0 20 48 1.3 9.5 3.5 6.2 36.9 53.4 
FR 5.5 5.81 5.5 10.5 6.0 1028 205 92 15.9 117 0.2 0.66 10.5 9.6 19 47 1.4 9.1 5.8 8.3 56.5 29.4 
FR 5.6 5.97 4.9 9.4 4.8 1058 154 102 15.7 102 0.2 0.66 8.3 9.9 18 29 1.2 8.2 4.8 10.2 64.3 20.7 
FR 5.5 5.86 5.1 7.8 4.6 1060 194 95 17.6 115 0.2 0.70 9.1 11.3 19 35 1.6 8.9 5.6 8.7 59.7 26.0 
FR 5.7 5.99 5.1 10.2 7.1 1154 187 114 18.7 97 0.2 0.64 7.1 8.5 18 20 1.4 8.4 5.7 11.1 68.5 14.7 
FR 6.1 6.05 4.8 17.5 4.3 1415 199 148 17.1 87 0.3 0.61 6.6 5.3 16 12 0.9 8.8 5.8 13.8 80.4 0.0 
FR 5.1 5.78 4.4 4.5 3.9 467 119 48 9.0 223 0.1 0.49 19.7 7.3 18 47 0.8 7.1 4.3 5.6 33.1 56.9 
FR 5.5 5.83 5.0 7.4 5.5 935 151 79 12.1 159 0.2 0.57 12.5 7.9 17 93 1.1 8.4 4.6 7.8 55.9 31.7 
FR 5.4 5.91 4.7 12.8 4.0 930 144 92 12.7 137 0.2 0.74 11.9 7.6 17 22 1.0 8.5 4.3 8.9 54.7 32.1 
FR 5.6 5.86 4.3 8.2 3.7 960 177 92 14.5 140 0.2 0.67 11.4 7.4 18 31 1.4 8.2 5.5 9.2 58.5 26.8 
FR 5.5 5.87 5.0 6.7 4.4 950 137 93 16.0 138 0.2 0.80 10.8 9.0 22 29 1.3 8.4 4.2 9.1 56.5 30.2 
  
 
 
 
189 
FR 6.0 5.97 5.0 4.7 2.4 1222 152 132 17.3 101 0.2 0.67 7.1 5.4 18 14 1.0 7.6 5.1 14.3 80.6 0.0 
FR 5.0 5.81 4.8 20.3 6.5 571 186 57 9.5 205 0.1 0.45 17.9 11.3 17 45 1.0 8.3 5.7 5.6 34.3 54.3 
FR 5.6 5.85 5.1 8.0 3.9 982 180 95 13.1 138 0.2 0.54 11.1 8.6 15 30 1.4 8.2 5.6 9.6 60.2 24.6 
FR 5.4 5.85 5.5 7.1 5.6 975 126 99 15.6 127 0.1 0.78 11.9 8.2 21 28 1.2 8.8 3.7 9.3 55.7 31.4 
FR 5.6 5.78 5.2 4.8 3.0 1020 148 99 16.9 113 0.2 0.74 10.2 7.7 18 37 1.2 8.5 4.5 9.5 60.1 26.0 
FR 5.6 5.93 5.3 9.7 4.5 1034 173 106 14.7 116 0.1 0.71 9.8 7.8 16 21 1.2 8.5 5.2 10.2 61.0 23.6 
FR 5.8 5.96 4.8 14.5 3.1 1268 181 143 19.8 91 0.2 0.64 7.2 6.7 21 51 1.2 9.0 5.1 13.0 70.1 11.8 
WL 6.3 6.21 4.0 34.3 4.2 1736 255 137 23.0 50 0.4 0.57 3.8 7.8 20 19 0.7 10.5 6.2 10.7 83.0 0.0 
WL 6.5 6.27 4.1 17.6 3.9 1762 225 122 21.7 50 0.4 0.57 3.9 7.1 19 27 0.6 10.4 5.5 9.6 84.8 0.0 
WL 6.4 6.31 3.9 37.0 6.8 1915 186 125 32.6 46 0.4 0.57 3.6 7.3 23 25 0.6 11.1 4.3 9.3 86.4 0.0 
WL 6.2 6.27 3.6 123 8.9 1849 318 151 22.9 51 0.5 0.59 4.0 8.3 18 19 0.6 11.3 7.2 10.9 81.9 0.0 
WL 6.1 6.23 4.0 27.4 6.8 1707 227 140 24.9 52 0.4 0.62 3.9 11.2 22 58 0.7 10.3 5.7 11.2 83.2 0.0 
WL 6.2 6.17 3.9 20.0 3.6 1587 214 131 22.4 53 0.3 0.63 3.8 8.6 22 24 0.6 9.6 5.7 11.2 83.1 0.0 
WL 6.2 6.21 4.4 44.9 2.6 1510 256 120 23.4 54 0.4 0.66 3.9 7.4 20 15 0.9 9.2 7.1 10.7 82.2 0.0 
WL 5.7 6.06 4.5 23.4 4.0 1493 255 115 24.5 58 0.3 0.70 4.2 10.6 26 27 1.0 10.0 6.5 9.4 74.5 9.7 
WL 5.9 6.08 4.3 40.1 4.7 1277 185 103 18.5 69 0.3 0.75 5.5 7.6 16 14 0.8 7.7 6.1 11.0 82.8 0.0 
WL 5.7 5.97 4.4 38.7 3.0 1274 165 111 18.1 75 0.2 0.89 5.8 8.5 20 13 0.9 9.2 4.6 9.9 69.4 16.1 
WL 5.7 6.09 4.0 56.7 4.9 1326 246 139 18.9 68 0.2 0.75 6.0 8.8 18 19 0.8 9.5 6.6 12.0 69.5 12.0 
WL 5.6 6.01 4.1 83.3 3.6 1324 220 137 16.2 71 0.2 0.75 5.7 10.1 17 20 0.8 10.1 5.6 11.1 65.4 17.9 
WL 5.7 6.04 3.7 36.5 3.4 1276 216 122 20.8 76 0.2 1.00 6.1 10.8 20 16 1.1 9.3 6.0 10.8 69.0 14.3 
WL 5.1 5.81 4.4 73.4 6.6 1097 290 103 27.0 76 0.2 1.12 6.4 22.9 30 31 1.5 11.1 6.7 7.6 49.2 36.6 
WL 5.0 5.84 4.4 75.4 5.4 903 282 79 16.2 102 0.2 1.18 9.5 20.7 18 40 1.3 10.2 7.0 6.3 44.1 42.6 
WL 5.1 5.78 4.3 39.4 4.4 912 209 84 16.5 98 0.2 1.21 9.0 14.2 20 19 1.1 9.8 5.4 7.0 46.4 41.2 
WL 5.1 5.79 4.4 38.3 5.1 964 200 108 17.7 94 0.1 1.14 8.3 21.8 23 31 1.2 10.3 5.0 8.6 46.9 39.5 
WL 4.9 5.83 4.6 45.7 6.1 951 255 89 16.9 102 0.2 1.13 9.1 19.2 20 20 1.5 10.8 6.0 6.8 43.9 43.3 
WL 5.4 5.92 4.2 63.4 7.4 1081 216 126 18.0 86 0.2 1.02 7.2 12.0 21 23 1.2 9.7 5.7 10.7 55.8 27.8 
  
 
 
 
190 
WL 5.2 5.94 3.7 79.1 6.8 964 255 94 17.9 88 0.2 0.95 7.7 16.3 17 18 1.3 9.5 6.9 8.1 50.9 34.1 
WL 4.8 5.72 3.8 80.7 9.7 1030 334 95 22.2 91 0.2 1.04 8.6 37.9 31 78 1.9 12.1 7.1 6.4 42.5 44.0 
WL 5.2 5.86 4.3 35.8 3.8 829 177 98 17.2 102 0.2 1.12 9.4 12.9 19 20 1.1 9.0 5.0 8.9 45.8 40.3 
WL 5.2 5.81 4.3 78.1 8.7 927 276 132 15.1 96 0.2 1.03 8.3 13.2 19 45 0.9 10.3 6.9 10.6 45.1 37.5 
WL 5.1 5.88 3.8 62.9 7.5 920 240 95 16.7 101 0.2 1.14 9.0 17.9 18 23 1.4 9.9 6.2 7.9 46.4 39.5 
NS1 5.3 5.89 4.0 17.6 7.3 906 217 121 17.3 70 0.2 0.74 5.3 32.6 13 28 1.7 9.2 6.0 10.8 49.1 34.1 
NS1 5.4 6.04 4.0 21.0 6.5 938 288 121 15.0 71 0.2 0.67 5.1 29.0 14 32 1.3 8.8 8.4 11.3 53.4 26.8 
NS1 5.4 5.89 4.0 14.5 5.6 951 153 113 27.9 65 0.1 0.67 4.6 32.2 15 20 1.5 8.9 4.4 10.5 53.7 31.4 
NS1 5.3 5.94 4.2 12.8 5.3 872 121 123 18.1 82 0.1 0.77 5.8 27.3 15 16 1.9 8.8 3.5 11.5 49.8 35.2 
NS1 5.1 5.77 5.0 16.8 6.6 769 134 104 15.8 96 0.1 0.95 7.4 21.3 11 13 2.8 9.2 3.7 9.3 42.0 45.0 
NS1 4.7 5.74 4.1 23.0 11.7 762 199 84 22.6 108 0.1 1.48 10.7 52.6 23 75 2.9 10.9 4.7 6.4 35.0 53.9 
NS1 5.2 5.86 4.2 10.8 6.7 915 134 121 22.3 73 0.2 0.81 5.4 33.7 16 44 1.7 9.3 3.7 10.7 49.3 36.4 
NS1 5.4 5.99 3.5 13.9 4.8 948 131 133 20.0 66 0.1 0.67 4.7 28.4 14 19 1.3 8.5 3.9 12.8 55.7 27.6 
NS1 5.3 5.90 4.2 17.9 5.9 909 131 120 15.2 80 0.1 0.78 5.8 41.7 14 27 1.4 9.1 3.7 10.8 50.2 35.3 
NS1 5.2 5.90 3.9 12.5 8.1 903 192 116 22.6 81 0.1 0.92 7.1 32.4 17 38 1.7 9.5 5.2 10.0 47.6 37.2 
NS1 5.0 5.70 4.3 11.1 6.8 776 137 99 18.8 97 0.1 1.25 8.6 31.1 17 23 2.5 9.9 3.5 8.2 39.2 49.1 
NS1 4.5 5.67 4.8 39.3 9.4 626 170 84 15.1 131 0.1 1.88 15.9 47.1 13 40 3.1 10.8 4.0 6.4 29.0 60.6 
NS1 5.2 5.83 4.3 19.9 5.8 920 131 128 17.2 96 0.2 0.91 7.6 25.1 15 28 1.6 9.6 3.5 10.9 47.7 37.9 
NS1 5.4 5.97 4.2 17.3 4.4 1222 108 157 26.3 75 0.2 0.80 5.2 27.5 20 82 1.5 10.2 2.7 12.6 59.7 25.0 
NS1 5.3 5.87 4.3 14.9 5.2 1075 139 131 13.3 94 0.1 0.85 6.8 25.7 16 89 1.7 10.1 3.5 10.6 53.3 32.5 
NS1 5.2 5.90 4.7 29.8 8.0 896 177 133 14.3 99 0.1 1.01 9.2 27.5 13 22 1.7 9.6 4.7 11.4 46.8 37.2 
NS1 5.1 5.74 4.3 11.2 5.7 953 124 119 20.3 93 0.1 1.25 8.2 30.6 16 92 2.4 10.4 3.1 9.4 46.0 41.6 
NS1 4.8 5.67 4.8 13.8 10.9 723 158 94 17.5 115 0.1 1.87 12.4 33.8 16 30 2.8 10.4 3.9 7.5 34.9 53.8 
NS1 5.4 5.83 4.2 19.4 4.2 966 135 143 15.3 96 0.2 0.95 7.5 16.7 13 21 1.4 9.4 3.7 12.5 51.3 32.5 
NS1 5.4 5.93 4.3 19.2 5.2 1164 124 152 19.2 84 0.2 0.90 6.3 22.2 19 36 1.4 10.1 3.1 12.3 57.5 27.1 
NS1 5.4 5.85 4.0 8.0 4.1 1178 147 147 21.5 79 0.1 0.88 5.9 17.2 18 90 1.6 10.1 3.7 11.9 58.1 26.3 
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NS1 4.7 5.68 4.3 40.4 10.2 871 181 109 14.9 117 0.1 1.35 12.0 41.1 16 78 2.9 11.5 4.0 7.8 37.9 50.3 
NS1 4.8 5.74 4.7 11.6 7.2 819 126 97 18.0 112 0.1 1.63 11.9 39.3 18 51 2.6 10.4 3.1 7.6 39.2 50.1 
CA1 5.5 5.96 4.1 42.1 3.2 1085 314 128 14.2 98 0.2 0.80 7.7 15.6 22 37 1.6 9.3 8.6 11.3 58.3 21.8 
CA1 5.5 6.03 3.9 53.2 3.5 1122 266 167 15.3 88 0.2 0.79 6.6 10.5 19 25 1.4 9.5 7.2 14.5 59.3 19.0 
CA1 5.9 6.07 4.0 35.9 1.9 1324 240 199 22.3 72 0.3 0.73 5.1 9.1 23 30 1.4 8.9 6.9 18.4 74.6 0.0 
CA1 5.6 6.05 4.1 34.5 2.6 1392 319 168 30.3 65 0.3 0.72 5.4 14.7 27 43 2.2 10.6 7.7 12.9 65.5 13.9 
CA1 5.8 6.06 3.8 35.1 1.9 1291 288 160 21.3 74 0.3 0.69 5.3 8.3 20 38 1.7 9.2 8.0 14.2 70.1 7.7 
CA1 5.9 6.13 4.1 21.8 2.4 1428 301 158 32.9 63 0.3 0.65 4.6 11.6 25 38 1.8 9.2 8.4 14.1 77.6 0.0 
CA1 5.2 5.78 4.0 25.6 2.7 1005 237 119 16.9 95 0.2 0.88 7.6 15.0 22 63 2.0 10.2 5.9 9.5 49.2 35.3 
CA1 5.7 5.97 3.9 23.0 3.4 1192 256 182 22.7 76 0.2 0.81 5.6 8.7 23 29 1.6 9.4 7.0 15.9 63.4 13.8 
CA1 5.9 6.06 4.7 42.9 2.2 1330 255 211 20.7 71 0.3 0.73 5.1 7.8 18 18 1.4 9.0 7.2 19.2 73.6 0.0 
CA1 5.8 6.07 4.2 58.8 2.6 1386 339 191 22.0 70 0.3 0.71 5.2 8.6 20 39 1.7 10.2 8.5 15.3 67.7 8.5 
CA1 6.0 6.07 3.8 24.4 2.3 1339 272 182 22.3 75 0.3 0.75 5.4 7.7 19 21 1.9 8.9 7.8 16.8 75.4 0.0 
CA1 6.0 6.08 4.4 28.5 3.6 1320 384 180 19.7 72 0.3 0.70 5.3 6.9 25 32 1.6 9.1 10.8 16.3 72.9 0.0 
CA1 5.5 5.89 4.5 25.6 2.6 1041 298 139 17.1 91 0.2 0.86 7.0 12.4 26 32 2.0 9.5 8.0 12.0 54.9 25.0 
CA1 5.6 5.98 4.0 66.9 4.2 1306 332 184 24.9 72 0.3 0.84 5.4 13.9 25 56 2.0 10.6 8.0 14.2 61.6 16.2 
CA1 6.0 6.11 4.3 39.5 2.5 1350 219 211 20.5 74 0.4 0.76 5.9 6.7 23 21 1.4 9.0 6.2 19.1 74.7 0.0 
CA1 5.9 6.09 3.6 74.4 4.3 1373 327 184 20.0 73 0.3 0.73 5.3 9.0 17 27 1.5 9.2 9.1 16.3 74.6 0.0 
CA1 5.8 6.06 3.3 24.2 2.5 1267 308 188 24.4 73 0.3 0.80 5.9 9.1 20 24 1.8 9.3 8.5 16.6 68.4 6.5 
CA1 5.8 6.07 4.3 29.9 2.7 1399 318 177 22.6 74 0.3 0.75 6.0 8.2 20 102 1.7 9.9 8.2 14.6 70.6 6.5 
CA1 5.2 5.88 4.1 65.2 3.5 972 323 131 15.2 101 0.2 0.82 10.0 18.8 18 25 2.1 10.1 8.2 10.6 48.0 33.2 
CA1 5.7 6.00 4.2 53.1 3.1 1191 300 173 23.2 73 0.2 0.80 6.3 12.2 17 25 1.8 9.6 8.0 14.8 62.2 15.0 
CA1 6.0 6.08 4.5 35.3 2.4 1304 298 199 24.5 67 0.3 0.78 5.3 7.7 18 21 1.4 8.9 8.6 18.3 73.1 0.0 
CA1 5.8 6.05 4.3 44.7 4.0 1457 270 190 24.6 69 0.3 0.80 5.9 7.7 27 24 1.8 10.2 6.8 15.3 71.4 6.5 
CA1 5.8 6.05 4.0 40.6 2.6 1155 333 170 18.8 80 0.3 0.85 6.3 8.6 15 29 1.9 8.9 9.6 15.6 64.8 10.0 
CA1 5.9 6.06 4.2 34.1 3.1 1282 361 174 24.5 70 0.3 0.73 5.6 8.4 18 27 1.6 8.8 10.5 16.3 73.2 0.0 
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Appendix H.  Potato Growing Soil Chemical Data Extracted by Mehlich 3 Method Collected at Harvest 2018 at the 
Experimental Sites used at This Study 
Sites Ca K Mg P Al B Cu Fe Mn Na S Zn 
 mg nutrient kg soil-1 
FR 743 192 79 282 1623 1.7 8.5 313 32 21 44 2.9 
FR 1084 179 115 354 1643 1.7 8.4 302 29 29 37 3.3 
FR 1261 185 122 466 1759 1.8 9.2 317 29 26 45 3.9 
FR 1088 147 101 442 1792 1.7 9.4 310 26 20 42 3.6 
FR 1448 162 133 426 1757 1.7 9.2 291 23 22 152 3.0 
FR 1455 173 157 475 1737 1.8 9.3 300 22 22 28 3.3 
FR 843 133 87 290 1736 1.7 7.5 329 28 24 54 3.1 
FR 1261 205 118 399 1749 1.8 7.4 314 30 24 56 4.4 
FR 1321 161 126 442 1769 1.8 8.2 317 29 21 43 3.9 
FR 1250 189 112 457 1776 1.8 8.2 302 30 21 40 4.1 
FR 1485 190 151 482 1759 1.7 8.4 290 28 30 32 4.7 
FR 1686 199 174 457 1712 1.8 8.9 288 23 21 22 3.4 
FR 586 120 65 193 1929 1.4 3.7 250 18 19 58 2.1 
FR 1118 157 116 297 1872 1.6 5.6 268 25 28 52 3.3 
FR 1086 145 112 355 1835 1.7 7.3 303 23 19 33 2.8 
FR 1148 168 113 362 1763 1.8 7.0 280 26 21 38 4.2 
FR 1092 127 107 401 1758 1.6 7.6 282 23 22 39 3.3 
FR 1400 144 150 424 1678 1.7 8.4 277 21 20 23 3.2 
FR 640 173 67 197 1809 1.3 3.4 241 22 21 50 2.3 
FR 1165 171 117 293 1722 1.6 5.6 262 27 21 38 4.0 
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FR 1184 125 119 379 1711 1.7 7.9 302 24 26 36 3.2 
FR 1243 150 123 420 1755 1.8 8.0 314 25 25 44 3.6 
FR 1244 173 130 385 1759 1.7 7.9 299 25 21 29 3.4 
FR 1483 175 166 480 1721 1.7 8.3 297 24 26 59 3.9 
WL 1995 260 165 418 1512 2.1 10.5 315 63 25 26 3.5 
WL 2104 227 149 398 1483 2.0 10.3 315 63 24 31 2.9 
WL 2301 200 162 450 1482 2.0 10.7 305 61 29 27 3.2 
WL 2132 318 182 412 1510 2.2 10.7 309 61 22 26 3.2 
WL 1932 229 172 429 1540 2.1 10.3 314 62 25 32 3.1 
WL 1876 232 169 437 1582 2.1 10.3 325 57 30 32 2.8 
WL 1824 271 154 472 1561 2.2 11.3 328 59 25 23 4.0 
WL 1809 265 141 523 1590 2.1 11.4 342 58 31 36 4.0 
WL 1545 195 128 453 1595 2.0 11.2 337 47 19 23 2.9 
WL 1476 166 135 452 1622 1.8 11.3 331 44 25 22 2.7 
WL 1697 250 182 460 1585 1.9 11.2 320 47 32 80 2.8 
WL 1610 229 171 428 1612 1.9 11.1 321 46 23 26 2.7 
WL 1512 223 151 516 1638 2.0 12.6 341 47 25 26 3.8 
WL 1541 316 131 650 1668 2.1 12.6 375 56 36 169 4.2 
WL 1050 293 98 485 1683 1.9 12.1 369 51 23 38 3.1 
WL 1115 220 106 482 1720 1.9 12.4 360 43 24 30 2.7 
WL 1164 211 130 496 1713 1.8 12.0 357 53 27 48 3.2 
WL 1143 257 109 482 1694 1.9 11.6 348 48 24 32 3.7 
WL 1265 218 148 510 1658 2.0 11.3 359 45 24 32 3.5 
WL 1173 268 117 535 1667 1.9 10.9 363 47 22 29 3.6 
WL 1222 359 117 596 1703 2.0 11.2 383 69 38 53 4.8 
WL 986 190 119 496 1731 1.9 11.1 360 38 20 30 2.7 
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WL 1098 294 159 458 1711 1.9 11.4 344 41 21 42 2.6 
WL 1075 248 115 489 1742 1.9 11.7 351 47 21 35 3.4 
NS1 1135 241 153 481 1523 2.1 11.9 378 78 20 32 4.6 
NS1 1118 303 146 430 1499 2.0 10.4 368 76 19 39 3.8 
NS1 1205 168 140 583 1573 2.0 10.5 385 80 21 29 4.7 
NS1 1071 129 145 498 1607 2.0 11.1 372 69 20 27 5.1 
NS1 939 145 125 460 1629 1.9 12.5 374 56 15 24 7.2 
NS1 907 216 105 566 1680 2.1 16.3 407 85 29 52 6.5 
NS1 1137 154 149 537 1570 2.0 11.6 389 74 25 41 5.2 
NS1 1212 145 163 498 1524 2.0 10.8 373 76 20 32 4.1 
NS1 1130 143 147 434 1545 1.9 11.2 360 93 19 31 3.8 
NS1 1124 206 140 523 1577 2.1 12.4 390 74 21 41 4.7 
NS1 958 149 121 514 1637 2.0 14.7 397 64 22 34 6.3 
NS1 705 162 92 420 1544 2.0 17.4 385 75 17 48 5.5 
NS1 1035 129 135 451 1521 1.9 11.6 352 52 19 34 3.8 
NS1 1300 110 167 493 1494 1.8 11.8 345 62 24 44 4.1 
NS1 1220 141 144 391 1505 1.7 12.2 329 59 19 77 4.1 
NS1 1010 174 141 414 1503 1.8 13.2 354 57 15 31 4.0 
NS1 1018 122 127 510 1522 1.9 14.9 380 61 19 53 5.5 
NS1 802 162 99 464 1536 2.0 17.7 380 61 19 39 5.5 
NS1 1050 137 146 422 1504 1.8 12.0 341 41 16 28 3.3 
NS1 1299 124 161 468 1488 1.9 13.0 347 50 21 37 3.7 
NS1 1243 141 152 490 1460 1.8 12.5 342 45 19 39 4.3 
NS1 1147 110 143 461 1509 1.8 13.2 352 50 27 44 4.0 
NS1 966 168 114 432 1531 1.9 14.7 371 64 19 88 5.5 
NS1 931 131 105 494 1563 1.9 17.0 396 65 22 61 5.4 
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CA1 1232 297 137 395 1578 1.8 10.1 319 45 25 45 4.4 
CA1 1293 257 182 419 1566 1.9 10.3 319 34 23 32 4.0 
CA1 1660 283 214 551 1588 2.1 11.2 334 37 29 40 5.9 
CA1 1475 284 172 520 1594 2.2 10.1 337 32 22 33 5.4 
CA1 1709 306 178 611 1560 2.2 10.3 339 35 30 43 6.1 
CA1 1105 233 129 449 1605 1.9 10.1 337 42 24 33 4.9 
CA1 1611 250 197 543 1604 2.1 10.9 347 35 27 208 5.0 
CA1 1550 251 229 499 1575 2.0 11.1 336 34 20 26 4.7 
CA1 1558 326 200 515 1549 2.1 10.6 337 35 21 39 5.5 
CA1 1577 322 203 519 1556 2.0 10.7 334 34 22 40 5.6 
CA1 1554 270 199 536 1581 2.0 10.7 334 31 22 29 6.0 
CA1 1437 356 179 502 1548 2.2 10.0 347 31 21 33 5.0 
CA1 1141 291 142 465 1604 2.0 10.3 343 41 23 34 5.2 
CA1 1440 324 191 563 1556 2.1 10.6 353 41 23 38 5.5 
CA1 1569 222 230 490 1570 2.2 11.1 340 34 24 27 4.7 
CA1 1601 332 202 481 1560 2.1 10.5 328 35 19 35 4.9 
CA1 1711 317 206 551 1567 2.1 11.0 342 34 22 32 6.5 
CA1 1484 313 187 537 1577 2.2 10.5 348 31 22 33 5.1 
CA1 1108 325 141 431 1611 2.0 10.3 342 47 23 36 5.1 
CA1 1374 299 190 541 1571 2.0 10.4 357 40 21 34 5.1 
CA1 1515 296 220 548 1559 2.1 11.1 352 35 22 28 4.8 
CA1 1536 272 202 560 1557 2.2 11.0 354 33 25 32 5.8 
CA1 1314 332 182 508 1587 2.1 10.9 354 32 18 34 5.8 
CA1 1526 374 195 572 1565 2.1 10.7 350 31 23 34 5.3 
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Appendix I.  Potato Growing Soil Chemical Data Extracted by Modified Morgan Collected at Tuber Initiation 2019 at the 
Experimental Sites used at This Study 
Sites soil pH buffer pH OM NO3-N NH4-N Ca K Mg P Al B Cu Fe Mn Na S Zn CEC  K Mg  Ca  acdty 
   % mg nutrient kg soil-1  % 
AF3 5.3 5.89 3.1 55 15 834 293 144 10.5 78 0.2 0.49 4.6 11.5 10 10 0.24 9.3 8.0 12.6 44.8 34.6 
AF3 5.5 5.96 3.8 42 8 964 270 169 11.4 69 0.2 0.48 3.9 8.2 13 7 0.19 9.0 7.6 15.3 53.4 23.7 
AF3 5.3 5.91 3.5 58 10 904 246 166 11.3 74 0.2 0.49 4.1 11.3 13 13 0.20 9.7 6.5 14.0 46.7 32.7 
AF3 5.5 5.96 3.7 38 10 954 271 186 12.3 70 0.2 0.48 3.9 9.4 13 8 0.18 9.2 7.6 16.6 52.1 23.7 
AF3 5.2 5.92 2.9 104 14 885 309 191 11.5 87 0.2 0.53 4.7 13.6 17 11 0.22 10.3 7.6 15.2 42.9 34.3 
AF3 5.7 6.00 3.5 42 7 978 227 227 10.8 72 0.1 0.46 3.7 6.8 11 7 0.14 8.8 6.6 21.1 55.5 16.7 
AF3 5.7 6.05 3.0 44 6 952 245 171 10.8 63 0.2 0.40 3.0 5.8 13 9 0.09 8.0 7.8 17.4 59.2 15.6 
AF3 5.8 6.05 3.1 16 4 946 225 162 10.3 72 0.2 0.40 3.4 4.9 11 7 0.07 7.4 7.8 18.0 63.8 10.5 
AF3 5.7 6.06 3.0 42 6 918 197 195 10.2 70 0.1 0.42 3.3 4.9 10 6 0.08 7.7 6.5 20.7 59.3 13.5 
AF3 5.8 6.04 3.4 27 6 953 229 205 11.9 70 0.2 0.45 3.4 5.3 11 8 0.11 7.7 7.6 21.8 62.0 8.6 
AF3 5.7 6.06 2.7 60 5 956 198 233 10.6 77 0.1 0.48 3.8 5.1 10 7 0.08 8.4 6.0 22.8 57.0 14.2 
AF3 6.2 6.13 2.6 14 4 1034 191 244 11.7 68 0.2 0.42 3.2 4.4 11 7 0.10 7.7 6.4 26.1 67.5 0.0 
AF3 5.5 6.03 3.5 69 7 1098 246 193 11.2 63 0.2 0.36 3.2 8.1 15 10 0.13 9.5 6.6 16.7 57.8 18.9 
AF3 5.4 6.05 3.1 104 12 1000 315 199 9.4 65 0.2 0.38 3.2 7.9 11 8 0.07 9.6 8.4 16.9 52.0 22.7 
AF3 5.5 6.07 2.5 117 12 999 265 219 10.1 63 0.1 0.37 3.1 8.1 12 18 0.09 9.4 7.2 19.1 53.1 20.6 
AF3 5.8 6.10 2.9 40 5 1027 174 200 12.2 55 0.1 0.35 2.5 6.2 10 7 0.08 7.8 5.7 21.0 65.7 7.6 
AF3 5.9 6.12 2.9 37 9 1093 187 227 11.0 59 0.1 0.36 2.6 6.5 9 5 0.05 7.8 6.1 23.8 70.0 0.0 
AF3 5.8 6.13 2.9 108 48 1229 292 246 24.4 47 0.2 0.35 2.4 8.1 15 45 0.14 9.6 7.7 20.9 63.7 7.6 
AF3 5.4 6.03 3.7 83 9 1083 330 186 12.6 61 0.2 0.36 2.8 10.3 15 10 0.15 10.2 8.3 15.0 53.3 23.4 
AF3 6.0 6.14 2.7 33 4 1134 207 221 10.8 54 0.2 0.32 2.3 5.4 12 5 0.03 8.0 6.6 22.6 70.8 0.0 
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AF3 5.9 6.16 2.7 56 5 1105 227 230 10.6 53 0.1 0.33 2.3 5.3 10 6 0.03 8.0 7.3 23.6 69.2 0.0 
AF3 5.8 6.14 2.9 81 7 1109 265 219 11.2 54 0.1 0.32 2.3 6.9 12 8 0.06 8.5 7.9 21.0 64.9 6.1 
AF3 5.9 6.13 2.7 32 4 1064 157 218 11.3 56 0.1 0.32 2.4 5.5 12 6 0.05 7.5 5.3 23.8 70.9 0.0 
AF3 5.8 6.10 2.6 49 5 1147 226 225 22.1 49 0.1 0.36 2.2 7.1 13 13 0.17 8.8 6.6 21.1 65.5 6.8 
AF4 5.6 6.00 2.4 61 5 1225 201 262 15.6 57 0.2 0.35 3.7 9.0 11 9 0.24 10.3 5.0 20.8 59.5 14.7 
AF4 5.9 6.11 3.3 54 4 1517 185 291 19.1 44 0.2 0.26 2.7 8.6 13 23 0.38 10.4 4.5 22.9 72.6 0.0 
AF4 6.3 6.20 4.0 45 3 1683 190 337 24.4 34 0.2 0.26 2.3 7.5 12 9 0.18 11.7 4.2 23.7 72.1 0.0 
AF4 6.0 6.15 3.3 109 5 1789 179 341 27.3 34 0.2 0.25 2.3 9.0 16 28 0.23 12.2 3.8 22.9 73.3 0.0 
AF4 6.2 6.19 3.2 83 4 2085 224 314 32.7 29 0.3 0.25 2.0 9.6 16 57 0.22 13.6 4.2 19.0 76.8 0.0 
AF4 6.1 6.18 3.3 102 6 2015 245 268 40.2 27 0.2 0.23 1.7 10.4 15 25 0.20 12.9 4.9 17.0 78.1 0.0 
AF4 5.2 5.92 3.1 136 8 1074 264 279 15.0 72 0.2 0.52 4.6 13.9 20 21 0.49 11.7 5.8 19.5 45.8 28.9 
AF4 5.7 6.03 3.5 84 5 1404 200 299 18.9 53 0.2 0.37 3.4 9.3 15 30 0.39 11.3 4.5 21.8 62.4 11.3 
AF4 5.7 6.07 3.4 139 5 1531 252 328 29.9 43 0.2 0.34 2.6 8.6 19 19 0.40 11.9 5.4 22.5 64.2 7.9 
AF4 6.0 6.14 3.1 59 4 1568 192 321 22.5 40 0.2 0.29 2.5 6.9 15 12 0.31 11.0 4.5 24.0 71.5 0.0 
AF4 5.8 6.13 3.2 160 5 1587 260 325 20.5 40 0.2 0.29 2.4 8.4 16 20 0.30 11.7 5.7 22.8 68.0 3.5 
AF4 5.7 6.04 3.2 86 5 1336 221 265 16.6 52 0.2 0.37 3.5 8.3 12 13 0.32 10.8 5.2 20.2 62.0 12.6 
AF4 5.5 5.99 3.1 82 6 930 201 272 14.0 74 0.1 0.57 4.3 8.2 13 12 0.35 9.4 5.5 23.8 49.6 21.1 
AF4 5.1 5.87 3.3 113 14 862 269 227 12.5 89 0.2 0.66 6.5 11.3 12 49 0.52 10.8 6.4 17.2 39.9 36.5 
AF4 5.2 5.89 2.9 100 9 848 234 240 15.9 78 0.2 0.58 5.2 9.5 12 16 0.50 10.1 5.9 19.4 42.0 32.6 
AF4 5.9 6.06 3.1 63 4 1203 192 317 18.8 57 0.2 0.60 3.3 6.8 15 10 0.58 9.1 5.4 28.5 66.1 0.0 
AF4 5.6 6.02 3.0 122 6 1218 323 319 20.5 60 0.2 0.51 3.6 10.3 16 19 0.55 11.2 7.4 23.4 54.5 14.7 
AF4 5.3 5.93 3.2 95 21 1067 276 250 17.8 76 0.2 0.54 5.2 12.8 17 26 0.60 11.1 6.4 18.5 48.1 27.0 
AF4 5.4 6.01 3.3 132 5 1294 244 294 16.2 62 0.2 0.41 3.6 12.6 17 34 0.44 11.7 5.3 20.5 55.2 18.9 
AF4 5.3 5.95 3.6 121 7 994 227 289 13.7 80 0.2 0.60 5.1 11.7 19 15 0.45 10.8 5.4 21.9 45.9 26.8 
AF4 5.5 5.99 3.8 134 14 1114 313 325 16.7 68 0.2 0.53 4.0 11.0 16 47 0.45 11.2 7.2 23.9 49.9 19.1 
AF4 5.6 6.06 3.6 161 14 1211 294 345 15.1 66 0.2 0.52 4.1 9.7 15 28 0.37 11.0 6.8 25.6 54.8 12.8 
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AF4 5.5 6.02 3.4 164 6 1292 350 336 21.6 56 0.2 0.40 3.4 11.6 19 17 0.48 12.0 7.5 23.0 54.0 15.5 
AF4 5.6 5.99 3.6 72 8 1194 242 290 18.4 68 0.2 0.48 4.6 11.9 18 16 0.46 10.8 5.8 22.1 55.5 16.7 
CA2 4.2 5.58 3.8 189 48 586 398 96 13.1 135 0.3 1.75 15.3 47.5 13 28 2.4 12.7 8.0 6.2 23.1 62.6 
CA2 4.5 5.68 4.0 135 23 626 397 102 13.7 113 0.3 1.56 11.8 35.8 14 30 2.0 11.6 8.7 7.2 26.9 57.2 
CA2 4.3 5.62 3.9 185 30 659 343 122 13.2 123 0.3 1.54 13.0 41.7 17 29 2.1 12.6 7.0 8.0 26.3 58.8 
CA2 4.6 5.68 4.0 97 16 587 342 104 15.3 111 0.2 1.47 11.3 35.2 13 22 2.1 11.1 7.9 7.7 26.6 57.9 
CA2 4.7 5.68 3.9 92 13 839 313 106 19.0 92 0.2 1.23 9.3 34.3 14 175 2.4 11.9 6.7 7.3 35.3 50.7 
CA2 4.5 5.72 3.7 203 18 801 402 132 15.8 98 0.2 1.24 9.2 49.2 24 43 2.8 12.7 8.1 8.6 31.6 51.7 
CA2 4.3 5.58 4.0 163 23 635 330 117 14.3 126 0.3 1.85 14.5 51.5 19 36 2.6 12.6 6.7 7.6 25.2 60.6 
CA2 4.5 5.58 3.8 96 9 525 311 88 15.7 130 0.3 1.76 14.6 34.1 12 61 2.4 11.2 7.1 6.4 23.4 63.0 
CA2 4.3 5.54 4.1 149 27 542 376 98 15.5 126 0.3 1.59 14.0 47.1 18 36 2.7 12.4 7.8 6.5 21.9 63.9 
CA2 4.5 5.63 3.8 110 12 562 318 105 14.4 120 0.3 1.35 12.2 35.7 12 20 2.2 11.1 7.3 7.8 25.3 59.6 
CA2 4.5 5.66 3.9 149 11 610 395 109 14.1 117 0.3 1.26 12.2 42.2 13 26 2.3 11.7 8.6 7.6 26.0 57.8 
CA2 4.5 5.72 3.6 157 14 677 428 126 13.5 111 0.2 1.20 10.4 37.5 16 24 2.2 11.9 9.2 8.7 28.5 53.6 
CA2 4.3 5.55 3.8 142 22 633 370 117 16.2 121 0.3 1.95 13.9 50.2 21 37 2.6 12.7 7.5 7.6 25.0 60.0 
CA2 4.3 5.57 4.1 171 30 584 464 108 13.6 128 0.3 1.90 15.1 45.3 14 41 2.5 12.6 9.4 7.0 23.1 60.5 
CA2 4.2 5.53 4.0 173 28 530 446 106 14.6 138 0.3 1.98 17.1 53.7 16 35 2.9 12.9 8.9 6.7 20.6 63.8 
CA2 4.3 5.56 4.1 105 14 548 411 101 16.2 123 0.3 1.84 14.2 41.2 20 49 2.7 12.2 8.6 6.8 22.5 62.1 
CA2 4.3 5.58 4.4 136 13 522 372 100 12.7 121 0.1 1.32 14.0 40.7 15 27 2.5 12.0 7.9 6.8 21.7 63.5 
CA2 4.6 5.67 4.0 96 9 536 274 114 14.6 120 0.2 1.46 12.0 26.8 11 17 1.9 10.6 6.6 8.9 25.4 59.1 
CA2 4.3 5.58 3.7 192 39 661 512 123 16.1 107 0.2 1.60 11.6 48.3 19 35 2.2 13.2 9.9 7.6 25.0 57.5 
CA2 4.6 5.68 3.8 125 12 708 447 130 17.9 95 0.2 1.64 9.7 37.2 18 32 2.3 12.0 9.6 8.9 29.6 51.9 
CA2 4.3 5.58 4.1 202 31 640 456 129 13.8 116 0.3 1.86 13.2 47.7 14 27 2.2 13.0 9.0 8.2 24.6 58.3 
CA2 4.1 5.52 4.3 283 81 597 560 132 13.9 133 0.3 2.17 17.4 57.2 18 44 2.8 14.1 10.2 7.7 21.2 61.0 
CA2 4.4 5.52 4.2 91 16 451 371 91 18.4 123 0.3 2.02 15.3 40.8 16 32 2.3 11.5 8.2 6.5 19.5 65.8 
CA2 4.4 5.54 3.7 108 12 491 305 112 15.9 125 0.3 1.79 15.2 33.1 13 22 2.0 11.6 6.7 7.9 21.2 64.2 
  
 
 
 
199 
CA3 5.4 5.97 3.7 186 6 1519 388 120 19.0 65 0.4 1.10 4.3 18.8 14 21 1.7 12.2 8.1 8.1 62.3 21.5 
CA3 5.1 5.89 4.0 316 40 1546 606 134 18.0 68 0.4 1.18 4.5 33.8 25 22 2.1 14.2 10.9 7.7 54.3 27.1 
CA3 5.1 5.89 3.9 242 10 1462 482 123 19.9 67 0.4 1.06 4.4 34.3 20 40 2.3 13.3 9.3 7.6 55.2 27.9 
CA3 5.2 5.95 3.9 211 9 1418 452 112 20.4 65 0.4 0.96 4.3 23.9 17 184 2.5 12.3 9.4 7.5 57.7 25.4 
CA3 5.1 5.88 3.9 247 6 1343 277 120 18.4 68 0.3 0.97 4.4 22.1 19 15 1.8 12.2 5.8 8.1 55.2 30.9 
CA3 5.2 5.93 3.8 183 13 1334 380 118 20.5 62 0.3 0.96 3.7 21.3 26 21 1.9 11.8 8.2 8.2 56.4 27.2 
CA3 5.6 5.99 4.0 83 5 1456 239 125 22.2 57 0.4 1.00 3.4 10.1 19 12 1.4 10.5 5.8 9.8 69.1 15.3 
CA3 5.4 5.98 4.3 188 7 1543 364 129 22.9 60 0.4 0.99 4.1 19.6 20 18 1.8 12.2 7.6 8.7 63.3 20.4 
CA3 5.5 6.02 4.2 203 6 1558 363 136 21.8 59 0.4 0.93 3.7 16.5 16 13 1.8 11.9 7.8 9.3 65.2 17.7 
CA3 5.3 5.96 4.2 273 16 1443 501 136 18.9 68 0.4 0.99 4.5 25.2 19 40 2.2 12.6 10.2 8.8 57.3 23.7 
CA3 5.1 5.91 4.2 306 22 1435 457 143 16.8 78 0.4 1.09 5.3 33.8 21 21 2.4 13.3 8.8 8.8 53.9 28.5 
CA3 5.2 5.89 3.9 130 13 1137 307 96 16.3 78 0.3 1.01 5.3 18.4 11 13 1.6 10.7 7.3 7.4 53.1 32.2 
CA3 5.6 6.06 3.7 195 7 1678 269 145 21.2 58 0.4 1.00 3.6 11.7 20 12 1.5 11.8 5.9 10.1 71.4 12.6 
CA3 5.3 5.93 3.8 174 5 1387 389 114 16.8 69 0.4 1.07 4.8 18.9 16 15 1.7 11.8 8.4 7.9 58.8 24.8 
CA3 5.5 5.99 4.3 176 6 1513 443 124 21.6 61 0.5 0.97 3.9 19.3 16 21 1.8 11.9 9.5 8.6 63.7 18.2 
CA3 5.5 5.99 4.0 136 6 1341 374 124 20.7 73 0.4 1.07 5.2 14.6 16 17 2.1 10.7 9.0 9.5 62.7 18.9 
CA3 5.3 5.95 3.8 160 27 1341 328 116 18.0 83 0.4 1.21 6.1 22.4 16 21 2.4 11.3 7.4 8.4 59.2 25.0 
CA3 5.2 5.94 3.8 228 10 1354 342 121 17.3 72 0.3 1.05 4.7 19.8 19 16 1.8 11.9 7.3 8.3 56.7 27.6 
CA3 5.5 6.02 3.8 192 14 1579 437 129 24.3 57 0.4 0.99 4.6 22.3 22 42 1.7 12.1 9.2 8.8 65.2 16.9 
CA3 5.1 5.90 4.0 295 18 1573 533 137 32.4 56 0.4 1.07 4.1 35.5 32 47 2.3 14.2 9.6 7.9 55.4 27.1 
CA3 5.4 5.99 3.8 190 6 1417 417 119 20.7 63 0.4 0.97 4.1 20.0 14 22 1.8 11.6 9.2 8.5 61.3 21.0 
CA3 5.0 5.88 4.0 233 45 1146 556 98 13.9 85 0.3 1.20 5.9 25.5 15 51 2.0 12.1 11.7 6.6 47.2 34.4 
CA3 5.1 5.80 3.9 146 13 1078 226 97 15.4 86 0.3 1.31 6.1 18.8 15 13 1.7 10.9 5.3 7.2 49.3 38.2 
CA3 5.3 5.91 3.9 129 10 1257 325 100 21.3 67 0.3 1.06 4.3 17.4 17 17 1.8 10.9 7.6 7.5 57.4 27.6 
LM 5.3 6.02 3.1 168 9 980 420 130 12.8 76 0.2 2.33 4.1 13.3 14 32 0.8 9.8 10.9 10.9 49.9 28.3 
LM 6.0 6.23 3.3 175 3 2245 494 143 18.2 66 0.3 2.28 3.6 9.6 18 37 1.1 13.7 9.2 8.6 82.2 0.0 
  
 
 
 
200 
LM 5.5 6.05 3.3 163 5 1475 371 151 16.8 74 0.3 2.63 4.6 10.7 18 20 2.1 11.3 8.4 10.9 65.1 15.6 
LM 5.6 6.09 3.3 133 3 1439 337 147 16.2 77 0.2 2.63 4.4 8.9 19 17 0.7 10.5 8.2 11.4 68.4 11.9 
LM 5.9 6.15 3.5 107 4 1633 464 159 22.5 66 0.2 2.44 4.4 8.7 18 19 0.7 10.7 11.1 12.2 76.6 0.0 
LM 5.3 5.95 3.9 203 7 1511 519 187 38.4 59 0.3 2.84 4.2 23.6 32 104 2.0 13.5 9.9 11.4 56.1 22.7 
LM 5.2 5.92 3.8 157 22 1028 395 137 24.1 71 0.2 2.96 4.0 17.4 24 54 1.1 10.8 9.4 10.4 47.7 32.5 
LM 5.4 6.01 3.6 134 5 1259 322 129 19.2 69 0.2 2.75 3.7 9.8 18 26 1.0 10.4 7.9 10.2 60.6 21.3 
LM 5.6 5.98 3.7 89 4 1113 383 118 18.7 70 0.2 2.80 4.0 10.9 14 22 0.8 9.4 10.4 10.3 59.1 20.2 
LM 5.2 5.93 3.7 133 6 1081 456 125 18.1 76 0.2 3.06 4.6 13.4 17 27 1.0 10.9 10.7 9.4 49.8 30.0 
LM 5.7 6.08 3.4 127 4 1517 497 137 18.9 65 0.2 2.64 4.1 10.6 16 33 0.7 11.0 11.6 10.2 69.2 9.0 
LM 5.0 5.85 3.5 148 9 967 433 119 14.0 85 0.2 3.18 5.8 20.2 15 42 1.1 11.2 9.9 8.7 43.3 38.1 
LM 5.1 5.89 3.8 251 15 1470 518 161 28.6 62 0.2 3.07 3.7 23.9 30 296 1.5 14.0 9.5 9.5 52.5 28.6 
LM 5.5 6.00 3.5 90 5 1053 275 130 16.5 72 0.2 2.72 4.0 7.8 11 17 0.6 9.2 7.6 11.6 56.9 23.9 
LM 5.4 5.97 3.7 109 6 1121 377 123 17.0 74 0.2 2.92 4.5 13.2 15 21 1.2 9.9 9.7 10.1 56.4 23.8 
LM 5.3 5.92 3.8 104 5 1174 391 123 22.6 71 0.2 3.13 4.3 13.3 17 34 1.0 10.8 9.3 9.4 54.6 26.7 
LM 5.4 5.95 3.7 181 5 1403 497 144 22.6 68 0.2 3.10 4.1 15.4 19 29 1.1 12.2 10.4 9.7 57.6 22.3 
LM 5.2 5.89 4.0 267 12 1200 476 134 22.8 73 0.3 3.26 4.7 22.8 20 77 1.4 11.9 10.2 9.2 50.4 30.2 
LM 5.2 5.93 4.3 192 10 1126 463 138 19.1 73 0.2 3.14 4.3 18.8 22 35 1.0 11.4 10.4 9.9 49.5 30.2 
LM 5.5 6.02 4.0 155 5 1282 309 129 19.4 58 0.2 2.42 4.5 9.9 17 21 0.7 10.1 7.8 10.5 63.6 18.1 
LM 5.2 5.91 4.1 178 8 1202 501 121 19.2 73 0.2 3.12 4.3 22.6 17 40 1.2 11.7 10.9 8.5 51.2 29.5 
LM 5.2 5.90 4.0 218 5 1456 472 135 15.5 87 0.3 3.43 6.7 18.1 16 47 1.0 13.1 9.2 8.4 55.5 26.9 
LM 5.3 5.89 4.4 151 13 1310 566 149 23.0 73 0.2 3.37 4.9 23.8 28 46 1.5 12.5 11.6 9.8 52.5 26.1 
LM 5.3 5.92 4.2 188 8 1578 555 154 25.1 67 0.2 3.16 4.4 22.1 26 34 1.3 13.4 10.6 9.4 58.8 21.2 
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Appendix J.  Potato Growing Soil Chemical Data Extracted by Mehlich 3 Method Collected at Tuber initiation 2019 at the 
Experimental Sites used at This Study 
Sites Ca K Mg P Al B Cu Fe Mn Na S Zn P/Al P Al Fe 
 
mg nutrient kg soil-1 Ratio 
mmol/kg 
AF3 922 280 152 358 1527 1.7 6.0 293 35 17 19 1.4 0.23 11.5 56.6 5.3 
AF3 1113 282 191 364 1602 1.7 6.2 290 33 17 15 1.2 0.23 11.7 59.3 5.2 
AF3 1017 253 182 384 1617 1.8 6.4 293 34 19 17 1.3 0.24 12.4 59.9 5.2 
AF3 1057 274 198 374 1582 1.9 6.3 299 34 16 15 1.3 0.24 12.1 58.6 5.3 
AF3 986 303 204 386 1644 1.7 6.3 294 38 23 20 1.4 0.23 12.4 60.9 5.3 
AF3 1093 232 241 356 1585 1.7 6.1 285 34 16 16 1.2 0.22 11.5 58.7 5.1 
AF3 1129 272 200 380 1677 2.0 5.8 307 35 19 19 1.2 0.23 12.3 62.1 5.5 
AF3 1012 219 170 343 1578 1.6 5.5 277 30 16 15 0.9 0.22 11.1 58.4 5.0 
AF3 994 196 203 338 1538 1.6 5.2 269 30 13 14 0.9 0.22 10.9 57.0 4.8 
AF3 1051 229 222 364 1630 1.7 5.9 278 31 15 17 1.1 0.22 11.7 60.4 5.0 
AF3 1021 193 234 345 1623 1.7 5.7 277 32 16 17 1.0 0.21 11.1 60.1 5.0 
AF3 1082 179 246 337 1569 1.5 5.4 265 33 15 15 1.0 0.22 10.9 58.1 4.7 
AF3 1165 249 203 333 1517 1.8 4.7 297 40 19 18 1.1 0.22 10.7 56.2 5.3 
AF3 1089 305 210 308 1451 1.6 4.5 276 37 17 15 0.9 0.21 9.9 53.7 4.9 
AF3 1103 270 236 317 1483 1.5 4.4 273 39 20 19 1.0 0.21 10.2 54.9 4.9 
AF3 1225 190 237 365 1535 1.7 5.3 281 41 17 16 1.1 0.24 11.8 56.9 5.0 
AF3 1149 206 248 335 1561 1.8 4.8 287 46 16 14 0.9 0.21 10.8 57.8 5.1 
AF3 1382 331 276 457 1502 1.8 5.0 287 46 23 36 1.6 0.30 14.8 55.6 5.1 
  
 
 
 
202 
AF3 1250 372 217 388 1619 2.1 4.8 298 43 22 21 1.4 0.24 12.5 60.0 5.3 
AF3 1212 205 237 331 1487 1.6 4.7 265 37 19 14 0.9 0.22 10.7 55.1 4.7 
AF3 1196 236 254 327 1537 1.9 4.5 276 42 17 13 0.9 0.21 10.5 56.9 4.9 
AF3 1260 277 254 353 1554 1.8 4.9 286 47 16 16 0.9 0.23 11.4 57.6 5.1 
AF3 1255 177 260 356 1594 1.9 4.8 300 49 17 14 1.0 0.22 11.5 59.0 5.4 
AF3 1284 238 252 439 1507 1.7 4.8 297 45 20 19 1.6 0.29 14.2 55.8 5.3 
AF4 1431 224 306 433 1491 2.4 4.9 365 56 18 18 1.6 0.29 14.0 55.2 6.5 
AF4 1733 206 341 464 1451 2.4 4.7 372 62 20 24 2.3 0.32 15.0 53.7 6.7 
AF4 1951 216 390 483 1407 2.4 5.2 371 63 19 18 2.1 0.34 15.6 52.1 6.6 
AF4 2120 212 408 530 1485 2.6 5.4 375 60 25 28 2.3 0.36 17.1 55.0 6.7 
AF4 1978 218 313 476 1316 2.4 4.4 372 65 21 28 2.2 0.36 15.3 48.7 6.7 
AF4 2001 229 268 490 1252 2.3 4.2 356 62 22 21 2.0 0.39 15.8 46.4 6.4 
AF4 1213 283 318 476 1620 0.8 6.3 369 50 26 27 1.9 0.29 15.4 60.0 6.6 
AF4 1599 211 355 473 1518 0.9 6.0 384 55 20 24 2.0 0.31 15.3 56.2 6.9 
AF4 1784 271 386 517 1471 0.9 6.0 373 54 23 29 2.3 0.35 16.7 54.5 6.7 
AF4 1798 208 374 507 1458 0.9 5.9 376 54 18 23 2.0 0.35 16.3 54.0 6.7 
AF4 1874 285 394 478 1491 0.9 5.6 371 55 19 32 1.8 0.32 15.4 55.2 6.6 
AF4 1568 234 316 465 1482 0.8 5.8 363 48 21 23 1.6 0.31 15.0 54.9 6.5 
AF4 1020 203 301 418 1633 0.7 6.7 353 42 15 23 1.5 0.26 13.5 60.5 6.3 
AF4 971 275 260 419 1633 0.7 9.4 375 43 14 48 3.5 0.26 13.5 60.5 6.7 
AF4 1011 249 285 474 1657 0.9 7.2 395 44 17 28 1.9 0.29 15.3 61.4 7.1 
AF4 1334 194 354 496 1579 0.8 6.7 385 47 14 21 1.6 0.31 16.0 58.5 6.9 
AF4 1317 320 352 536 1623 0.9 6.4 401 49 21 27 2.4 0.33 17.3 60.1 7.2 
AF4 1201 301 286 555 1696 0.9 6.8 417 49 21 38 2.3 0.33 17.9 62.8 7.5 
AF4 1350 244 316 434 1548 0.8 5.7 370 53 19 33 1.8 0.28 14.0 57.3 6.6 
AF4 1076 238 319 427 1630 0.8 7.0 374 45 23 28 1.8 0.26 13.8 60.4 6.7 
  
 
 
 
203 
AF4 1275 304 369 464 1653 0.9 7.3 373 45 27 54 2.1 0.28 15.0 61.2 6.7 
AF4 1346 297 383 485 1696 1.1 7.2 390 46 29 37 1.8 0.29 15.7 62.8 7.0 
AF4 1452 358 368 572 1620 1.0 6.6 396 49 38 33 2.4 0.35 18.4 60.0 7.1 
AF4 1293 243 313 538 1605 1.0 6.3 418 50 28 26 2.0 0.33 17.3 59.4 7.5 
CA2 705 429 114 536 1916 1.2 13.5 522 82 16 46 5.6 0.28 17.3 71.0 9.4 
CA2 766 424 120 544 1798 1.1 12.9 500 70 17 47 5.1 0.30 17.5 66.6 9.0 
CA2 790 372 142 527 1821 1.1 12.1 490 74 20 44 7.0 0.29 17.0 67.4 8.8 
CA2 754 371 123 609 1842 1.1 12.3 502 70 15 38 5.6 0.33 19.6 68.2 9.0 
CA2 866 354 136 677 1855 1.2 11.4 525 74 30 53 6.9 0.37 21.8 68.7 9.4 
CA2 983 430 159 638 1788 1.0 10.5 488 85 42 62 7.0 0.36 20.6 66.2 8.7 
CA2 703 327 126 509 1708 0.8 12.7 464 81 25 50 5.8 0.30 16.4 63.3 8.3 
CA2 623 323 109 516 1745 1.0 12.4 477 64 22 67 5.6 0.30 16.6 64.6 8.5 
CA2 670 380 117 558 1765 0.9 11.7 478 75 26 54 6.3 0.32 18.0 65.4 8.6 
CA2 700 313 127 519 1676 0.8 10.4 441 63 24 35 5.2 0.31 16.7 62.1 7.9 
CA2 707 392 118 525 1639 0.8 9.9 428 69 14 40 5.4 0.32 16.9 60.7 7.7 
CA2 758 436 133 520 1679 0.7 9.9 409 65 14 37 5.2 0.31 16.8 62.2 7.3 
CA2 694 348 119 540 1605 0.7 12.7 439 71 22 52 5.5 0.34 17.4 59.4 7.9 
CA2 645 437 113 490 1586 0.8 12.8 436 69 15 55 5.2 0.31 15.8 58.7 7.8 
CA2 587 423 111 495 1617 0.7 12.4 449 74 19 48 5.8 0.31 16.0 59.9 8.0 
CA2 602 383 107 539 1582 0.8 11.8 446 61 21 58 5.5 0.34 17.4 58.6 8.0 
CA2 648 407 123 550 1700 0.8 11.5 469 68 20 45 5.8 0.32 17.7 63.0 8.4 
CA2 680 276 133 538 1712 0.8 11.2 449 54 18 33 4.5 0.31 17.3 63.4 8.0 
CA2 827 526 147 621 1704 0.9 12.2 475 74 30 53 5.3 0.36 20.0 63.1 8.5 
CA2 857 432 152 632 1705 1.0 13.0 494 67 27 48 5.8 0.37 20.4 63.1 8.8 
CA2 805 497 158 545 1762 1.0 13.7 492 78 24 44 5.3 0.31 17.6 65.3 8.8 
CA2 683 552 140 517 1632 0.8 13.3 479 80 20 58 5.7 0.32 16.7 60.4 8.6 
  
 
 
 
204 
CA2 550 353 105 593 1647 0.8 13.0 477 62 21 47 4.8 0.36 19.1 61.0 8.5 
CA2 599 294 121 553 1616 0.7 12.3 446 54 34 38 4.4 0.34 17.8 59.9 8.0 
CA3 1719 385 133 552 1591 1.1 13.5 358 52 17 32 6.4 0.35 17.8 58.9 6.4 
CA3 1756 577 150 571 1595 1.0 13.1 356 64 33 34 6.6 0.36 18.4 59.1 6.4 
CA3 1610 461 130 580 1557 1.0 11.8 352 70 22 44 7.9 0.37 18.7 57.7 6.3 
CA3 1538 479 133 574 1615 1.0 11.5 348 63 21 66 8.7 0.36 18.5 59.8 6.2 
CA3 1578 293 139 561 1639 1.0 11.3 360 58 24 26 6.5 0.34 18.1 60.7 6.5 
CA3 1603 409 139 612 1670 1.0 11.7 355 59 31 36 7.0 0.37 19.7 61.9 6.4 
CA3 1724 249 138 561 1579 1.0 13.8 352 42 23 20 6.0 0.36 18.1 58.5 6.3 
CA3 1757 358 142 572 1574 1.0 12.9 349 53 24 28 6.9 0.36 18.4 58.3 6.2 
CA3 1775 366 148 572 1559 1.1 12.1 346 53 21 23 6.9 0.37 18.4 57.7 6.2 
CA3 1640 500 153 543 1616 1.0 11.4 351 62 30 46 7.4 0.34 17.5 59.9 6.3 
CA3 1608 441 152 522 1601 0.9 11.6 338 68 24 31 7.3 0.33 16.8 59.3 6.1 
CA3 1330 317 112 520 1644 0.9 11.5 349 50 13 24 5.8 0.32 16.8 60.9 6.2 
CA3 1908 272 157 542 1579 1.0 13.4 352 46 19 21 6.1 0.34 17.5 58.5 6.3 
CA3 1618 382 126 517 1571 1.0 13.2 346 48 17 25 5.9 0.33 16.7 58.2 6.2 
CA3 1791 467 146 562 1637 1.3 13.0 363 60 21 32 7.3 0.34 18.1 60.6 6.5 
CA3 1776 439 179 565 1859 1.6 14.1 382 60 31 33 8.4 0.30 18.2 68.9 6.8 
CA3 1571 359 146 552 1802 1.3 13.1 378 62 23 31 7.9 0.31 17.8 66.7 6.8 
CA3 1711 392 152 561 1775 1.3 12.9 374 57 26 29 6.7 0.32 18.1 65.7 6.7 
CA3 2037 502 171 652 1793 1.5 14.0 402 66 32 49 7.9 0.36 21.0 66.4 7.2 
CA3 1972 590 177 744 1775 1.4 13.5 399 74 50 56 8.8 0.42 24.0 65.7 7.1 
CA3 1779 460 150 597 1773 1.5 13.7 380 62 19 36 7.6 0.34 19.3 65.7 6.8 
CA3 1483 642 131 550 1908 1.4 13.7 396 62 19 68 6.8 0.29 17.7 70.7 7.1 
CA3 1344 250 124 575 1899 1.2 14.0 402 51 23 28 5.8 0.30 18.5 70.3 7.2 
CA3 1573 361 127 625 1814 1.4 13.0 389 56 23 30 6.9 0.34 20.2 67.2 7.0 
  
 
 
 
205 
LM 1288 463 166 569 1907 1.0 21.3 367 36 26 49 2.8 0.30 18.4 70.6 6.6 
LM 2351 527 163 543 1740 0.9 21.1 315 28 23 45 3.6 0.31 17.5 64.4 5.6 
LM 1621 395 177 586 1866 1.0 23.7 366 32 24 34 2.9 0.31 18.9 69.1 6.5 
LM 1549 342 166 567 1838 0.9 22.4 341 29 24 30 2.8 0.31 18.3 68.1 6.1 
LM 1823 486 185 614 1791 0.9 23.1 343 29 24 33 3.1 0.34 19.8 66.3 6.1 
LM 1656 526 205 847 1800 1.1 23.4 399 49 37 73 7.0 0.47 27.3 66.7 7.2 
LM 1320 415 168 722 1855 1.0 24.2 379 38 38 63 4.0 0.39 23.3 68.7 6.8 
LM 1543 360 160 637 1899 1.0 25.0 363 29 25 38 3.3 0.34 20.5 70.3 6.5 
LM 1336 417 142 642 1879 1.0 24.9 375 33 19 37 3.3 0.34 20.7 69.6 6.7 
LM 1249 485 148 639 1861 1.0 24.9 373 35 23 41 3.5 0.34 20.6 68.9 6.7 
LM 1751 556 170 623 1847 1.1 25.1 368 33 20 53 3.2 0.34 20.1 68.4 6.6 
LM 1180 488 148 590 1911 1.0 25.9 392 45 20 51 3.5 0.31 19.0 70.8 7.0 
LM 1489 573 198 810 1845 1.0 26.5 398 47 41 60 5.6 0.44 26.1 68.3 7.1 
LM 1328 310 163 602 1875 1.0 26.1 371 29 17 36 2.7 0.32 19.4 69.4 6.6 
LM 1296 397 144 609 1819 1.0 25.7 381 36 17 36 3.4 0.33 19.6 67.4 6.8 
LM 1421 433 158 700 1869 1.0 26.4 383 37 46 47 4.0 0.37 22.6 69.2 6.9 
LM 1641 569 175 707 1909 1.1 27.1 391 40 35 44 4.4 0.37 22.8 70.7 7.0 
LM 1394 514 160 694 1857 1.1 26.5 392 48 26 57 4.7 0.37 22.4 68.8 7.0 
LM 1376 497 166 662 1802 1.0 26.3 373 42 31 50 3.6 0.37 21.4 66.7 6.7 
LM 1685 378 170 655 1734 0.8 26.1 353 32 32 37 3.1 0.38 21.1 64.2 6.3 
LM 1382 530 141 648 1801 1.0 26.7 370 44 24 46 3.8 0.36 20.9 66.7 6.6 
LM 1624 488 169 581 1760 0.9 26.5 360 39 28 56 3.3 0.33 18.7 65.2 6.4 
LM 1495 589 181 708 1802 1.0 26.9 385 46 49 50 4.8 0.39 22.8 66.7 6.9 
LM 1753 576 183 709 1727 1.0 26.3 376 45 39 50 4.5 0.41 22.9 64.0 6.7 
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Appendix K.  Potato Growing Soil Chemical Data Extracted by Modified Morgan Collected at Harvest 2019 at the 
Experimental Sites used at This Study 
 
Sites soil pH buffer pH OM NO3-N NH4-N Ca K Mg P Al B Cu Fe Mn Na S Zn CEC K  Mg  Ca  acdty 
   % mg nutrient kg soil-1  % 
AF3 5.4 5.87 4.0 41 4.3 867 214 140 10.8 92 0.1 0.54 6.5 7.4 16 10 0.49 9.0 6.1 12.8 48.3 32.8 
AF3 5.5 5.96 4.1 32 3.0 1031 248 157 12.6 77 0.1 0.47 4.9 6.8 17 8 0.41 9.1 7.0 14.2 56.8 22.0 
AF3 5.3 5.89 4.0 51 3.2 957 251 142 16.0 82 0.1 0.49 5.2 11.0 19 23 0.56 9.6 6.7 12.1 49.9 31.3 
AF3 5.7 5.97 4.3 18 2.7 994 232 168 13.6 81 0.1 0.50 5.2 7.2 23 10 0.41 8.4 7.1 16.3 59.0 17.6 
AF3 5.4 5.95 4.1 61 3.4 1021 268 195 14.6 82 0.1 0.49 5.0 10.1 22 11 0.49 9.8 7.0 16.4 52.2 24.4 
AF3 5.8 6.01 4.2 33 3.0 1026 290 209 13.1 81 0.1 0.48 5.1 4.9 14 8 0.37 8.6 8.6 19.9 59.5 12.0 
AF3 5.6 6.04 3.7 35 2.3 1069 221 170 13.3 77 0.2 0.48 6.1 5.6 27 28 0.45 8.7 6.5 16.0 61.5 16.0 
AF3 5.7 6.06 3.3 24 2.1 1060 223 158 12.8 79 0.1 0.44 4.6 4.4 24 43 0.32 8.2 7.0 15.8 64.9 12.3 
AF3 5.6 6.01 3.6 40 3.0 899 262 160 12.5 87 0.1 0.47 5.2 6.9 24 12 0.36 8.3 8.1 15.9 54.5 21.5 
AF3 6.0 6.16 3.5 65 1.9 1192 272 252 15.3 70 0.2 0.46 4.3 4.5 25 13 0.31 8.7 8.0 23.7 68.3 0.0 
AF3 5.8 6.11 3.4 54 2.1 1068 199 227 12.4 85 0.1 0.50 4.9 4.5 18 8 0.32 8.3 6.1 22.5 64.5 6.9 
AF3 6.1 6.18 3.5 29 2.1 1128 242 243 12.6 77 0.2 0.42 4.5 3.7 23 8 0.27 8.2 7.5 24.2 68.4 0.0 
AF3 5.6 6.07 3.4 36 3.2 1115 238 177 14.1 72 0.2 0.39 4.6 7.2 27 8 0.38 8.9 6.8 16.2 62.3 14.6 
AF3 6.2 6.18 3.1 13 1.6 1139 183 190 11.9 67 0.2 0.38 3.8 3.0 28 5 0.31 7.7 6.1 20.1 73.8 0.0 
AF3 5.8 6.11 3.3 40 1.4 1038 151 194 10.6 79 0.1 0.40 4.6 3.4 25 6 0.28 7.7 5.0 20.7 67.4 6.9 
AF3 5.8 6.15 3.4 78 1.7 1196 196 238 15.4 65 0.2 0.42 3.6 4.4 21 9 0.29 8.8 5.7 22.1 67.8 4.3 
AF3 5.7 6.13 3.4 63 1.5 1110 193 210 12.1 75 0.1 0.43 4.2 5.7 25 6 0.27 8.9 5.6 19.4 62.6 12.5 
AF3 5.9 6.16 3.1 70 1.8 1154 216 238 16.1 67 0.2 0.43 5.8 6.0 28 13 0.30 8.4 6.6 23.2 68.6 1.6 
  
 
 
 
207 
AF3 5.3 6.03 3.9 132 4.5 1068 291 184 12.5 79 0.1 0.43 4.5 12.9 19 13 0.40 10.2 7.3 14.8 52.4 25.5 
AF3 6.0 6.15 3.1 33 2.2 1178 280 208 20.4 56 0.1 0.38 3.0 5.2 21 13 0.29 8.3 8.6 20.5 70.9 0.0 
AF3 5.5 6.10 3.0 109 4.4 1064 272 205 12.0 72 0.1 0.43 4.2 7.1 24 11 0.35 9.4 7.4 17.9 56.6 18.1 
AF3 5.9 6.18 3.4 98 2.0 1258 189 248 13.3 58 0.1 0.35 3.1 3.9 16 5 0.22 9.0 5.4 22.6 69.9 2.1 
AF3 5.5 6.10 3.2 91 2.2 1085 223 202 12.8 72 0.1 0.40 3.9 7.3 20 7 0.31 9.3 6.1 17.7 58.2 17.9 
AF3 5.7 6.07 3.0 42 2.7 1110 215 208 20.3 62 0.1 0.42 3.2 5.7 19 12 0.34 8.9 6.2 19.2 62.4 12.2 
AF4 5.6 6.06 3.6 109 2.1 1335 288 284 17.1 69 0.1 0.44 5.1 11.4 18 19 0.59 11.3 6.5 20.6 58.9 14.1 
AF4 5.8 6.07 3.5 65 2.0 1555 166 293 19.9 57 0.2 0.33 4.6 6.1 23 10 0.49 11.3 3.8 21.3 68.9 6.1 
AF4 6.2 6.19 4.0 60 1.7 1755 225 344 29.7 42 0.2 0.33 4.1 6.5 30 13 0.56 12.2 4.7 23.2 72.1 0.0 
AF4 6.4 6.28 3.5 38 1.9 1963 206 360 38.8 36 0.2 0.30 3.0 5.6 23 20 0.42 13.3 4.0 22.2 73.8 0.0 
AF4 6.5 6.26 4.0 31 1.7 2052 150 306 31.5 38 0.2 0.28 3.3 5.2 23 12 0.36 13.1 2.9 19.1 78.0 0.0 
AF4 6.2 6.24 4.3 74 1.8 2162 195 276 41.3 33 0.3 0.31 2.7 5.8 36 32 0.40 13.6 3.7 16.7 79.6 0.0 
AF4 5.6 6.03 3.9 58 2.2 1183 223 281 19.9 71 0.2 0.51 5.0 8.3 31 40 0.49 10.2 5.6 22.5 57.9 13.9 
AF4 5.5 5.99 4.2 60 1.6 1323 173 274 19.2 70 0.1 0.46 5.3 8.2 28 10 0.53 11.2 3.9 20.0 59.0 17.0 
AF4 6.1 6.14 4.3 55 1.8 1530 152 313 19.8 59 0.2 0.40 4.2 5.0 31 8 0.39 10.6 3.7 24.2 72.2 0.0 
AF4 6.5 6.26 3.5 32 1.3 1691 197 335 25.8 46 0.3 0.36 3.5 4.3 28 9 0.30 11.7 4.3 23.5 72.2 0.0 
AF4 6.2 6.20 4.3 31 2.6 1459 219 293 21.5 56 0.2 0.40 3.9 4.7 27 10 0.34 10.3 5.5 23.4 71.1 0.0 
AF4 6.0 6.15 3.8 45 2.8 1557 200 284 20.6 56 0.2 0.38 4.1 5.9 26 42 0.36 10.6 4.8 21.9 73.3 0.0 
AF4 5.8 6.01 3.4 25 2.5 997 167 263 19.9 86 0.1 0.65 5.6 7.1 29 9 0.54 8.6 5.0 25.0 58.0 12.1 
AF4 5.6 5.97 3.5 34 1.8 1217 165 254 15.6 90 0.1 0.65 6.5 6.2 22 202 0.44 10.2 4.1 20.3 59.6 16.0 
AF4 5.5 6.02 4.0 86 2.0 1093 314 281 18.2 80 0.2 0.59 5.8 9.3 29 29 0.59 10.4 7.7 22.1 52.4 17.8 
AF4 6.1 6.12 4.0 14 1.7 1182 207 298 20.5 68 0.2 0.56 4.6 4.6 23 14 0.39 8.9 6.0 27.5 66.5 0.0 
AF4 6.1 6.15 3.9 44 1.8 1309 203 329 22.1 65 0.2 0.52 4.5 4.5 23 8 0.35 9.8 5.3 27.6 67.1 0.0 
AF4 5.8 6.07 3.9 32 2.9 1219 216 278 23.0 69 0.2 0.54 4.9 8.4 33 16 0.57 9.5 5.8 24.0 64.2 6.0 
AF4 5.5 5.99 3.6 71 2.2 1292 193 256 20.9 74 0.1 0.48 5.4 10.7 29 24 0.53 11.1 4.5 19.0 58.4 18.2 
AF4 5.7 5.99 4.0 43 1.8 1091 172 269 22.5 79 0.1 0.57 5.7 8.2 27 19 0.62 9.6 4.6 23.1 57.0 15.3 
  
 
 
 
208 
AF4 5.6 6.00 4.3 91 2.6 1094 199 304 17.9 82 0.1 0.62 5.9 7.2 18 12 0.48 10.2 5.0 24.5 53.6 17.0 
AF4 6.0 6.12 4.0 88 2.6 1203 230 329 17.7 76 0.1 0.57 5.1 6.5 18 12 0.39 9.3 6.3 29.0 64.7 0.0 
AF4 5.8 6.08 4.4 68 2.7 1322 198 313 20.9 67 0.1 0.45 5.1 6.0 22 13 0.45 10.2 5.0 25.1 64.6 5.3 
AF4 5.9 6.05 3.8 32 3.3 1114 168 265 20.1 70 0.1 0.46 6.1 5.8 14 11 0.45 8.8 4.9 24.8 63.6 6.8 
CA2 4.5 5.57 4.7 94 7.3 566 192 80 15.4 124 0.1 1.66 16.6 28.0 18 23 1.92 11.1 4.4 5.9 25.6 64.0 
CA2 4.8 5.66 4.7 40 2.0 589 205 87 16.8 117 0.1 1.62 14.2 22.7 21 28 1.91 9.6 5.4 7.4 30.5 56.6 
CA2 4.7 5.59 4.4 30 2.2 524 171 82 16.9 127 0.2 1.58 15.4 26.4 27 30 2.12 9.8 4.5 6.9 26.6 62.0 
CA2 4.9 5.66 4.6 21 2.4 607 178 92 19.3 138 0.2 1.63 32.9 32.1 29 28 2.12 9.6 4.8 7.9 31.8 55.6 
CA2 4.8 5.65 4.6 33 2.7 649 205 103 18.8 108 0.2 1.40 12.9 26.9 23 26 2.36 10.1 5.2 8.3 32.1 54.3 
CA2 5.0 5.70 4.7 12 2.2 662 204 92 21.6 106 0.2 1.30 15.7 26.2 26 26 2.48 9.2 5.7 8.2 36.2 49.9 
CA2 4.6 5.51 4.8 34 3.8 634 196 89 21.3 110 0.1 1.87 13.8 49.0 35 55 2.88 11.2 4.5 6.5 28.2 60.9 
CA2 4.7 5.59 4.7 29 3.3 511 213 81 19.2 128 0.1 1.78 16.8 35.1 30 34 2.65 9.8 5.6 6.8 26.1 61.5 
CA2 4.6 5.57 5.0 41 3.9 479 177 78 18.2 133 0.1 1.71 17.2 35.5 25 29 2.45 10.2 4.5 6.3 23.6 65.7 
CA2 4.9 5.64 4.7 16 3.8 488 163 81 17.1 120 0.1 1.43 13.8 18.3 20 20 2.08 8.7 4.8 7.7 28.1 59.4 
CA2 4.8 5.63 4.7 41 2.8 551 183 95 16.7 126 0.1 1.32 13.9 23.9 22 20 2.18 9.7 4.8 8.0 28.3 58.9 
CA2 4.9 5.75 4.1 60 3.5 638 261 115 15.0 119 0.2 1.18 12.3 22.9 21 19 2.04 9.8 6.8 9.6 32.6 50.9 
CA2 4.6 5.56 4.3 42 3.3 610 241 95 20.4 115 0.1 1.87 14.6 40.6 30 39 2.77 10.9 5.7 7.2 28.0 59.2 
CA2 4.7 5.61 4.3 49 2.1 556 242 94 15.4 131 0.1 1.90 17.9 30.1 26 41 2.22 10.3 6.0 7.5 26.9 59.6 
CA2 4.5 5.50 4.6 62 4.3 486 258 85 16.7 141 0.1 1.99 19.9 41.0 27 38 2.61 11.0 6.0 6.3 22.1 65.6 
CA2 4.7 5.58 4.4 17 2.6 460 248 73 17.9 120 0.1 1.70 15.1 30.4 24 38 2.46 9.8 6.5 6.1 23.4 64.0 
CA2 4.8 5.56 4.2 16 3.0 433 191 71 16.7 127 0.1 1.45 15.5 18.8 24 29 1.92 9.1 5.4 6.4 23.7 64.5 
CA2 4.9 5.65 4.0 22 1.9 513 182 94 16.5 125 0.1 1.40 16.9 17.2 24 20 1.81 9.1 5.1 8.4 28.2 58.3 
CA2 4.6 5.62 4.4 68 4.2 635 194 112 16.8 115 0.1 1.55 16.7 32.1 31 31 1.78 10.9 4.6 8.4 29.1 57.9 
CA2 5.1 5.71 4.4 22 2.0 674 216 119 18.4 100 0.1 1.59 12.1 20.1 18 25 1.97 9.3 6.0 10.5 36.4 47.1 
CA2 4.7 5.59 4.3 57 3.2 624 250 102 16.7 118 0.1 1.86 15.4 36.5 22 47 2.21 10.7 6.0 7.8 29.2 57.0 
CA2 4.7 5.56 4.3 28 2.2 427 208 90 16.7 134 0.1 2.07 19.7 22.2 17 26 1.94 9.6 5.6 7.7 22.4 64.3 
  
 
 
 
209 
CA2 4.8 5.53 4.7 13 1.9 448 159 96 17.2 142 0.1 2.02 22.4 18.0 19 26 1.82 9.4 4.3 8.3 23.8 63.5 
CA2 4.9 5.60 4.8 8.7 2.8 467 182 88 18.3 125 0.1 1.75 18.0 18.3 15 29 1.88 8.9 5.3 8.2 26.3 60.2 
CA3 5.6 5.99 4.5 60 2.0 1565 241 109 22.1 79 0.4 1.11 6.3 13.1 21 29 1.94 11.0 5.6 8.1 71.0 15.3 
CA3 5.9 6.04 4.2 16 2.8 1481 240 101 23.9 74 0.4 0.99 5.8 9.2 23 27 1.88 8.8 6.9 9.4 83.7 0.0 
CA3 5.8 6.02 4.0 43 2.9 1534 332 107 27.0 74 0.5 0.99 6.0 13.9 23 29 2.73 10.1 8.4 8.7 75.6 7.4 
CA3 5.6 5.96 4.2 22 2.5 1338 251 89 26.1 77 0.3 1.06 6.1 15.5 26 130 2.37 9.8 6.6 7.5 68.3 17.7 
CA3 5.9 6.01 4.1 16 2.4 1318 281 100 23.5 78 0.4 0.92 6.0 8.1 23 25 1.72 8.1 8.8 10.0 81.1 0.0 
CA3 6.0 6.07 4.2 16 3.1 1319 260 99 18.8 92 0.5 1.01 7.6 10.9 21 43 2.19 8.1 8.2 10.0 81.7 0.0 
CA3 5.8 5.99 4.4 36 2.3 1510 237 106 24.0 71 0.4 0.99 5.7 10.1 25 19 1.69 10.0 6.0 8.6 75.2 10.2 
CA3 5.5 5.94 4.2 64 3.4 1503 291 102 26.4 72 0.4 1.02 6.2 18.1 32 28 2.25 11.2 6.6 7.5 67.0 18.9 
CA3 5.9 6.02 4.6 10 2.3 1391 319 104 22.8 81 0.5 1.02 6.3 10.7 31 26 2.17 9.2 8.8 9.3 75.4 6.5 
CA3 5.5 5.93 4.4 27 1.8 1290 346 97 20.4 90 0.4 1.10 7.2 16.9 28 40 2.46 10.2 8.6 7.8 63.0 20.6 
CA3 6.0 6.01 4.7 5.0 1.8 1256 234 99 19.8 84 0.4 0.99 6.2 6.7 28 14 1.50 7.7 7.8 10.6 81.6 0.0 
CA3 5.5 5.92 4.0 19 2.0 1270 227 95 18.8 94 0.4 1.10 8.1 13.0 26 84 2.11 9.8 5.9 7.9 64.7 21.4 
CA3 5.9 6.08 4.2 37 2.1 1597 255 104 20.2 78 0.4 1.05 6.0 9.2 31 44 2.12 9.9 6.6 8.6 80.8 4.0 
CA3 5.6 5.97 4.7 57 2.5 1449 362 96 22.7 75 0.4 1.08 6.0 17.5 30 39 2.14 10.8 8.6 7.3 67.0 17.1 
CA3 5.8 5.99 4.4 19 2.2 1264 307 99 24.6 78 0.4 1.15 6.3 10.0 26 17 2.14 8.8 8.9 9.2 71.6 10.3 
CA3 5.8 5.93 4.0 1.2 1.7 1162 226 90 19.5 94 0.4 1.25 8.0 8.9 31 16 1.91 8.2 7.0 9.0 70.8 13.2 
CA3 6.1 6.04 4.2 1.9 1.6 1305 262 96 21.4 81 0.4 1.07 6.0 7.2 29 13 1.61 8.0 8.4 9.8 81.8 0.0 
CA3 5.5 5.87 4.6 19 2.0 1249 195 103 20.4 94 0.4 1.13 7.4 14.6 30 106 2.18 10.0 5.0 8.5 62.6 24.0 
CA3 5.9 6.07 4.6 6.1 2.1 1528 193 102 26.6 69 0.4 0.97 5.2 8.6 37 26 1.62 9.4 5.3 8.9 81.3 4.5 
CA3 5.9 6.06 4.4 26 1.8 1503 287 96 23.3 74 0.5 0.95 5.5 8.5 32 25 1.76 9.0 8.1 8.7 83.1 0.0 
CA3 5.9 6.04 4.5 24 2.0 1275 302 92 20.4 87 0.4 1.09 6.9 8.4 21 18 1.83 7.9 9.8 9.6 80.7 0.0 
CA3 5.7 5.86 3.9 10 1.7 989 178 76 18.9 95 0.2 1.26 7.9 7.1 20 12 1.59 7.8 5.8 7.9 63.3 23.0 
CA3 5.8 5.99 4.0 19 1.8 1153 257 85 19.2 91 0.3 1.10 6.6 8.1 22 21 1.54 8.1 8.1 8.6 71.2 12.1 
CA3 5.6 5.85 4.4 22 2.1 1142 189 91 18.1 93 0.3 1.12 7.2 8.5 20 50 1.47 9.1 5.3 8.2 62.8 23.7 
  
 
 
 
210 
LM 5.6 6.08 3.3 52 1.5 869 304 91 14.8 92 0.1 2.35 5.9 8.0 15 20 1.48 7.3 10.7 10.3 59.8 19.2 
LM 5.9 6.06 3.5 49 2.0 1476 287 104 22.1 77 0.2 2.34 5.2 5.0 18 177 1.93 9.4 7.8 9.1 78.7 4.4 
LM 6.3 6.21 3.6 20 1.9 1397 354 116 19.8 77 0.2 2.27 4.9 5.1 18 17 0.61 8.8 10.2 10.8 79.0 0.0 
LM 5.8 6.09 3.4 38 2.0 1170 308 105 19.8 86 0.2 2.59 5.6 5.6 20 19 0.89 8.0 9.8 10.7 73.0 6.4 
LM 6.8 6.33 3.5 5.9 2.4 1974 333 130 26.0 74 0.2 2.19 5.7 4.6 18 21 0.69 11.8 7.2 9.0 83.7 0.0 
LM 6.0 5.98 3.9 9.1 2.0 1218 266 123 20.5 87 0.2 2.75 5.9 6.3 21 23 0.96 7.8 8.7 12.9 78.3 0.0 
LM 5.7 5.98 3.5 21 2.3 914 253 93 25.5 79 0.1 2.85 6.1 9.7 24 28 1.20 7.5 8.6 10.2 60.8 20.3 
LM 5.6 5.94 3.7 44 1.4 1007 214 103 18.9 85 0.1 2.92 5.4 6.2 18 15 0.90 8.2 6.7 10.3 61.6 21.4 
LM 5.6 5.95 4.1 19 1.3 940 336 86 20.1 85 0.1 3.02 6.2 8.0 24 21 0.98 7.9 10.9 8.9 59.4 20.9 
LM 5.6 5.94 4.4 60 1.6 1164 498 107 24.1 82 0.2 3.02 5.6 9.9 28 40 1.13 9.6 13.2 9.1 60.3 17.4 
LM 5.8 6.04 4.2 23 1.5 1099 486 95 17.6 93 0.2 3.22 6.7 8.2 27 42 1.01 8.4 14.7 9.3 65.1 10.9 
LM 5.4 5.89 3.9 24 1.4 768 299 79 15.3 105 0.2 3.51 8.6 9.9 28 32 1.04 8.1 9.4 8.0 47.4 35.2 
LM 5.6 5.93 3.6 32 1.9 881 238 106 19.8 86 0.1 3.16 6.1 7.9 27 17 1.04 7.9 7.7 11.0 55.6 25.7 
LM 6.1 6.02 3.5 17 1.7 1253 228 119 18.3 83 0.2 2.75 5.3 4.4 23 25 0.71 7.8 7.4 12.5 80.1 0.0 
LM 5.6 6.00 3.6 60 2.2 990 355 101 18.0 80 0.1 2.77 5.4 9.6 21 28 0.98 8.3 10.9 9.9 59.4 19.9 
LM 5.7 5.97 3.9 48 1.9 1284 351 110 28.9 74 0.2 3.10 6.0 10.1 27 65 1.26 9.8 9.2 9.2 65.7 15.9 
LM 5.6 5.95 4.0 15 1.6 960 470 91 20.3 89 0.2 3.41 6.8 12.8 29 31 1.32 8.7 13.8 8.6 55.2 22.4 
LM 5.4 5.86 3.8 19 2.4 1010 377 94 23.1 90 0.2 3.59 7.5 14.6 30 57 1.56 9.7 9.9 7.9 51.9 30.2 
LM 5.7 5.99 3.9 3.6 1.5 959 270 105 19.4 84 0.2 3.09 6.1 6.9 28 25 0.88 7.5 9.1 11.4 63.5 16.0 
LM 5.8 6.00 4.1 30 1.5 1305 259 126 24.7 75 0.2 2.91 5.1 6.5 27 24 0.88 9.0 7.4 11.5 72.6 8.6 
LM 5.6 5.98 4.1 35 1.8 1098 349 86 20.7 85 0.2 3.16 6.3 12.4 29 30 1.31 8.9 10.1 8.0 61.8 20.1 
LM 5.6 6.01 4.1 58 1.9 1409 401 96 17.9 89 0.1 3.18 7.4 8.8 19 64 0.92 10.4 9.9 7.6 67.9 14.6 
LM 5.2 5.79 4.1 39 2.2 881 421 94 22.4 88 0.2 3.54 7.1 16.5 27 37 1.64 9.9 10.8 7.8 44.3 37.1 
LM 5.7 5.95 4.8 26 2.4 1398 412 99 36.4 69 0.2 3.05 5.8 14.7 29 34 1.57 10.3 10.2 7.9 68.0 13.9 
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Appendix L.  Potato Growing Soil Chemical Data Extracted by Mehlich 3 Collected at Harvest 2019 at the Experimental Sites 
used at This Study 
 
Sites Ca K Mg P Al B Cu Fe Mn Na S Zn 
 
P/Al  P Al Fe 
 mg nutrient kg soil-1  Ratio  mmol kg-1 
AF3 917 204 153 331 1503 0.8 6.3 277 26 20 17 1.5 
 
0.22  10.7 55.7 5.0 
AF3 1100 239 169 344 1443 0.8 6.5 267 26 23 15 1.6  0.24  11.1 53.4 4.8 
AF3 1033 248 155 405 1494 0.9 6.6 288 29 26 22 2.2  0.27  13.1 55.3 5.2 
AF3 1047 218 179 367 1492 0.8 6.6 280 27 26 16 1.6  0.25  11.8 55.3 5.0 
AF3 1080 254 206 373 1495 0.8 6.5 274 30 26 18 1.8  0.25  12.0 55.4 4.9 
AF3 1051 281 214 342 1482 0.8 6.5 262 26 24 15 1.5  0.23  11.0 54.9 4.7 
AF3 1048 204 172 352 1427 0.8 5.7 268 27 30 17 1.5  0.25  11.4 52.8 4.8 
AF3 1070 208 174 338 1482 0.9 5.8 271 25 36 16 1.3  0.23  10.9 54.9 4.8 
AF3 943 236 168 350 1474 0.7 5.8 264 26 30 18 1.4  0.24  11.3 54.6 4.7 
AF3 1278 262 269 364 1480 0.8 6.5 261 25 32 18 1.6  0.25  11.8 54.8 4.7 
AF3 1116 186 238 329 1490 0.7 6.3 253 26 24 16 1.3  0.22  10.6 55.2 4.5 
AF3 1124 218 247 310 1440 0.7 5.7 243 26 29 14 1.2  0.22  10.0 53.3 4.3 
AF3 1123 223 189 339 1359 0.8 5.0 261 30 32 15 1.5  0.25  10.9 50.3 4.7 
AF3 1197 178 207 301 1377 0.7 5.1 252 26 31 11 1.1  0.22  9.7 51.0 4.5 
AF3 1082 146 210 288 1394 0.7 4.8 246 27 29 12 1.2  0.21  9.3 51.6 4.4 
AF3 1276 206 258 363 1427 0.7 5.7 262 31 27 15 1.6  0.25  11.7 52.8 4.7 
AF3 1172 182 229 324 1460 0.7 5.4 260 34 31 13 1.2  0.22  10.5 54.1 4.7 
AF3 1226 218 259 360 1433 0.7 5.4 271 37 33 17 1.5  0.25  11.6 53.1 4.8 
  
 
 
 
212 
AF3 1171 281 213 343 1477 0.7 5.2 278 37 29 20 2.0  0.23  11.1 54.7 5.0 
AF3 1284 284 232 414 1454 0.7 5.5 267 32 26 19 1.7  0.28  13.3 53.8 4.8 
AF3 1117 265 218 315 1404 0.5 4.8 245 32 23 16 1.3  0.22  10.2 52.0 4.4 
AF3 1306 185 265 313 1368 0.5 5.0 243 33 21 11 1.1  0.23  10.1 50.7 4.3 
AF3 1142 214 219 339 1415 0.6 5.0 255 35 23 13 1.4  0.24  10.9 52.4 4.6 
AF3 1160 211 221 398 1363 0.6 5.0 263 34 26 17 1.7  0.29  12.8 50.5 4.7 
AF4 1307 277 289 408 1382 1.0 5.4 333 48 20 23 2.2  0.29  13.1 51.2 6.0 
AF4 1530 166 300 429 1345 1.0 5.1 339 46 27 16 2.2  0.32  13.8 49.8 6.1 
AF4 1707 213 347 476 1283 1.1 5.4 339 49 29 18 2.5  0.37  15.3 47.5 6.1 
AF4 1842 192 360 482 1222 1.1 5.2 329 47 25 21 2.5  0.39  15.6 45.3 5.9 
AF4 1874 139 298 444 1206 1.1 4.9 323 45 24 15 2.1  0.37  14.3 44.7 5.8 
AF4 2193 194 302 490 1186 1.2 5.0 321 48 39 21 2.5  0.41  15.8 43.9 5.8 
AF4 1242 219 307 458 1479 1.1 6.4 329 40 36 25 2.2  0.31  14.8 54.8 5.9 
AF4 1414 172 301 458 1468 1.2 6.2 347 43 33 17 2.2  0.31  14.8 54.4 6.2 
AF4 1609 155 343 450 1440 1.2 6.4 335 41 35 16 2.0  0.31  14.5 53.3 6.0 
AF4 1758 199 365 460 1353 1.2 5.9 327 42 34 15 2.0  0.34  14.8 50.1 5.9 
AF4 1591 222 334 465 1438 1.2 6.1 330 39 35 18 2.0  0.32  15.0 53.3 5.9 
AF4 1649 208 319 449 1424 1.2 6.0 336 42 34 33 1.9  0.32  14.5 52.8 6.0 
AF4 1010 157 272 444 1603 0.9 7.0 319 33 31 17 2.3  0.28  14.3 59.4 5.7 
AF4 1067 170 286 404 1544 1.0 7.4 333 35 29 22 1.8  0.26  13.0 57.2 6.0 
AF4 1147 304 298 445 1490 1.1 7.1 339 37 32 44 2.3  0.30  14.3 55.2 6.1 
AF4 1235 203 317 454 1501 1.1 7.1 330 35 27 20 1.9  0.30  14.6 55.6 5.9 
AF4 1313 192 341 467 1458 1.0 6.5 328 35 28 15 1.8  0.32  15.1 54.0 5.9 
AF4 1302 225 307 510 1484 1.2 6.6 349 40 38 21 2.2  0.34  16.4 54.9 6.2 
AF4 1346 192 281 424 1404 1.0 5.8 327 44 35 23 2.1  0.30  13.7 52.0 5.9 
AF4 1115 164 276 465 1466 1.0 6.7 322 34 31 24 2.4  0.32  15.0 54.3 5.8 
  
 
 
 
213 
AF4 1162 193 330 418 1524 0.9 7.5 319 33 23 20 2.0  0.27  13.5 56.4 5.7 
AF4 1272 222 350 430 1502 0.9 7.4 310 33 22 20 1.8  0.29  13.9 55.6 5.5 
AF4 1365 181 330 469 1469 1.0 6.6 322 34 25 19 2.2  0.32  15.1 54.4 5.8 
AF4 1230 174 297 487 1483 1.1 6.5 339 36 18 18 2.0  0.33  15.7 54.9 6.1 
CA2 624 194 92 446 1624 1.5 13.0 396 52 22 35 4.7  0.27  14.4 60.2 7.1 
CA2 637 202 97 477 1615 1.5 12.7 404 47 29 40 4.7  0.30  15.4 59.8 7.2 
CA2 577 172 92 480 1643 1.5 12.1 399 50 32 41 5.2  0.29  15.5 60.9 7.1 
CA2 679 174 100 546 1650 1.6 12.5 413 55 33 40 5.1  0.33  17.6 61.1 7.4 
CA2 716 207 113 551 1632 1.6 11.7 405 53 30 37 6.1  0.34  17.8 60.5 7.2 
CA2 759 200 103 606 1639 1.6 11.3 401 53 35 37 6.6  0.37  19.6 60.7 7.2 
CA2 854 202 99 575 1614 1.6 13.4 423 71 39 183 6.7  0.36  18.5 59.8 7.6 
CA2 550 208 90 516 1670 1.5 13.0 406 57 34 44 6.2  0.31  16.7 61.8 7.3 
CA2 527 177 86 489 1633 1.5 12.2 405 54 32 39 5.6  0.30  15.8 60.5 7.3 
CA2 573 176 96 492 1697 1.4 11.9 396 45 27 32 5.5  0.29  15.9 62.8 7.1 
CA2 653 198 111 498 1777 1.6 11.4 410 50 29 32 5.7  0.28  16.1 65.8 7.3 
CA2 693 262 120 518 1750 1.7 10.9 415 49 23 32 5.4  0.30  16.7 64.8 7.4 
CA2 699 238 109 600 1735 1.7 14.5 443 63 42 54 6.8  0.35  19.4 64.3 7.9 
CA2 613 243 107 496 1735 1.8 14.3 441 53 31 55 5.3  0.29  16.0 64.3 7.9 
CA2 549 257 96 512 1769 1.7 14.5 438 60 34 53 6.0  0.29  16.5 65.5 7.8 
CA2 584 276 97 560 1809 1.6 13.9 438 56 33 57 6.6  0.31  18.1 67.0 7.8 
CA2 523 200 87 513 1738 1.7 12.3 439 43 32 43 5.1  0.30  16.6 64.4 7.9 
CA2 590 198 107 524 1765 1.6 12.2 413 43 30 35 5.0  0.30  16.9 65.4 7.4 
CA2 620 175 109 576 1673 1.8 11.8 457 51 29 40 4.3  0.34  18.6 62.0 8.2 
CA2 745 219 129 586 1711 1.7 13.9 436 48 27 40 5.6  0.34  18.9 63.4 7.8 
CA2 680 245 114 525 1684 1.6 14.4 432 58 28 61 5.5  0.31  16.9 62.4 7.7 
CA2 490 211 103 502 1737 1.7 15.2 440 44 24 41 4.8  0.29  16.2 64.3 7.9 
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CA2 509 163 106 502 1749 1.6 14.9 429 40 27 40 4.6  0.29  16.2 64.8 7.7 
CA2 524 187 100 554 1747 1.7 13.6 442 41 21 37 4.8  0.32  17.9 64.7 7.9 
CA3 1703 248 125 569 1718 1.8 14.2 359 44 30 67 7.2  0.33  18.4 63.6 6.4 
CA3 1651 254 124 608 1741 1.9 13.9 362 43 31 30 8.0  0.35  19.6 64.5 6.5 
CA3 1678 349 133 622 1747 1.9 12.4 354 54 30 38 10.4  0.36  20.1 64.7 6.3 
CA3 1392 262 107 668 1801 1.8 12.7 376 51 36 61 8.5  0.37  21.5 66.7 6.7 
CA3 1528 301 132 581 1779 1.8 12.7 358 44 38 34 7.4  0.33  18.7 65.9 6.4 
CA3 1434 269 129 515 1769 1.8 12.1 344 46 34 54 7.4  0.29  16.6 65.5 6.2 
CA3 1684 256 129 582 1670 1.7 14.0 350 42 36 28 7.3  0.35  18.8 61.9 6.3 
CA3 1626 302 123 622 1669 1.8 13.4 350 50 41 35 8.4  0.37  20.1 61.8 6.3 
CA3 1437 325 121 560 1693 1.7 12.4 340 44 37 32 7.9  0.33  18.1 62.7 6.1 
CA3 1367 351 117 550 1739 1.7 12.5 339 49 37 42 8.3  0.32  17.7 64.4 6.1 
CA3 1449 253 124 529 1795 1.7 13.2 348 39 39 22 6.4  0.29  17.1 66.5 6.2 
CA3 1389 250 119 553 1822 1.9 12.5 365 49 36 97 7.4  0.30  17.8 67.5 6.5 
CA3 1747 278 131 535 1762 1.8 14.4 370 42 40 32 8.1  0.30  17.3 65.3 6.6 
CA3 1694 392 121 591 1743 1.9 14.7 367 51 40 48 8.6  0.34  19.1 64.6 6.6 
CA3 1453 337 124 621 1764 1.8 14.2 366 44 37 27 8.4  0.35  20.0 65.3 6.5 
CA3 1322 246 116 539 1836 1.8 14.4 369 40 42 25 6.8  0.29  17.4 68.0 6.6 
CA3 1436 267 118 553 1734 1.8 13.6 342 41 35 22 6.8  0.32  17.9 64.2 6.1 
CA3 1367 202 129 536 1714 1.6 13.4 336 46 33 114 7.8  0.31  17.3 63.5 6.0 
CA3 1705 203 126 602 1688 1.8 13.6 353 42 46 29 7.1  0.36  19.4 62.5 6.3 
CA3 1691 295 122 551 1672 1.9 13.4 341 44 40 34 7.6  0.33  17.8 61.9 6.1 
CA3 1401 311 116 502 1686 1.6 13.2 333 41 28 27 7.1  0.30  16.2 62.5 6.0 
CA3 1125 178 93 524 1716 1.5 13.7 358 34 25 19 5.6  0.31  16.9 63.6 6.4 
CA3 1325 259 105 508 1707 1.5 13.0 332 37 27 28 6.0  0.30  16.4 63.2 6.0 
CA3 1281 195 107 514 1714 1.5 13.1 337 35 25 50 5.3  0.30  16.6 63.5 6.0 
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LM 1064 301 110 512 1739 1.2 21.7 326 27 22 32 3.4  0.29  16.5 64.4 5.8 
LM 1432 294 121 574 1690 1.1 22.7 315 23 22 34 6.3  0.34  18.5 62.6 5.6 
LM 1492 339 133 522 1665 1.1 22.8 314 24 23 25 2.7  0.31  16.9 61.7 5.6 
LM 1277 289 121 548 1703 1.1 22.5 325 24 24 30 3.4  0.32  17.7 63.1 5.8 
LM 1932 328 150 554 1645 1.1 23.2 313 24 22 21 3.3  0.34  17.9 60.9 5.6 
LM 1322 253 135 558 1707 1.2 24.4 331 27 25 32 3.6  0.33  18.0 63.2 5.9 
LM 1086 247 110 690 1761 1.2 24.3 350 30 28 33 4.4  0.39  22.3 65.2 6.3 
LM 1210 214 122 595 1794 1.2 25.7 339 24 25 25 3.4  0.33  19.2 66.4 6.1 
LM 1116 330 103 609 1729 1.2 26.3 343 28 29 29 3.7  0.35  19.6 64.0 6.1 
LM 1391 489 131 655 1758 1.2 26.6 348 29 34 49 4.3  0.37  21.1 65.1 6.2 
LM 1194 502 116 589 1819 1.3 28.4 334 28 33 50 3.8  0.32  19.0 67.4 6.0 
LM 961 322 95 563 1849 1.3 28.6 357 31 29 48 3.7  0.30  18.2 68.5 6.4 
LM 1109 255 132 653 1830 1.3 28.1 362 30 34 29 3.9  0.36  21.1 67.8 6.5 
LM 1488 232 148 579 1783 1.3 27.4 332 24 31 40 3.0  0.32  18.7 66.0 5.9 
LM 1356 394 137 629 1863 1.3 28.8 357 33 29 44 4.1  0.34  20.3 69.0 6.4 
LM 1587 390 141 784 1846 1.4 29.8 373 34 37 56 5.4  0.42  25.3 68.4 6.7 
LM 1162 498 114 662 1857 1.4 30.2 357 35 41 45 4.9  0.36  21.4 68.8 6.4 
LM 1164 392 117 700 1798 1.4 29.5 344 36 37 61 5.6  0.39  22.6 66.6 6.2 
LM 1173 278 125 599 1716 1.3 28.0 337 28 33 33 3.5  0.35  19.3 63.5 6.0 
LM 1512 260 146 654 1698 1.2 28.3 335 27 32 26 3.6  0.39  21.1 62.9 6.0 
LM 1312 372 107 648 1792 1.4 28.3 369 35 33 42 4.7  0.36  20.9 66.4 6.6 
LM 1552 481 124 576 1888 1.5 29.7 370 34 29 56 3.8  0.31  18.6 69.9 6.6 
LM 1095 452 119 716 1917 1.6 30.3 394 40 37 51 5.6  0.37  23.1 71.0 7.1 
LM 1774 476 131 838 1802 1.7 30.1 396 41 39 52 7.2  0.47  27.0 66.7 7.1 
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Appendix M.  Potato petioles and leaflets Chemical Data Collected at Tuber initiation 2018 and 2019 at the Experimental Sites 
used at This Study 
site P_conc.g/kg site P_conc.g/kg site P_conc.g/kg site P_conc.g/kg site P_conc.g/kg 
WL 2.90 NS2 2.57 AF1NM 4.97 CA2 1.73 AF3 3.60 
WL 2.42 NS2 2.23 AF1NM 4.57 CA2 2.17 AF3 3.56 
WL 2.86 NS2 2.37 AF1NM 3.84 CA2 2.18 AF3 3.41 
WL 2.83 NS2 2.81 AF1NM 3.87 CA2 2.58 AF3 3.49 
WL 2.78 NS2 2.48 AF1NM 3.92 CA2 2.93 AF3 2.92 
WL 3.27 NS2 3.58 AF1NM 4.53 CA2 3.89 AF3 3.53 
WL 2.51 NS2 3.76 AF1NM 3.88 CA2 3.10 AF3 3.62 
WL 2.91 NS2 2.62 AF1NM 4.56 CA2 2.57 AF3 3.37 
WL 2.39 NS2 2.44 AF1NM 4.39 CA2 2.80 AF3 3.70 
WL 2.64 NS2 2.37 AF1NM 4.40 CA2 2.59 AF3 3.06 
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WL 2.39 NS2 2.34 AF1NM 4.23 CA2 2.03 AF3 3.73 
WL 3.11 NS2 1.84 AF1NM 3.47 CA2 2.22 AF3 3.23 
WL 2.61 NS2 3.63 AF1NM 3.64 CA2 4.30 AF3 3.20 
WL 2.76 NS2 3.33 AF1NM 5.04 CA2 2.42 AF3 4.09 
WL 1.94 NS2 2.10 AF1NM 4.54 CA2 2.82 AF3 2.86 
WL 2.29 NS2 2.95 AF1NM 3.50 CA2 3.13 AF3 4.23 
WL 2.58 NS2 2.93 AF1NM 5.45 CA2 3.06 AF3 2.93 
WL 2.39 NS2 3.19 AF1NM 4.94 CA2 2.85 AF3 3.98 
WL 2.72 NS2 2.18 AF1NM 5.48 CA2 2.79 AF3 2.96 
WL 1.99 NS2 4.28 AF1NM 4.03 CA2 4.04 AF3 3.22 
WL 2.63 NS2 4.42 AF1NM 4.78 CA2 1.99 AF3 2.67 
WL 2.63 NS2 3.17 AF1NM 5.49 CA2 2.06 AF3 3.66 
WL 2.13 NS2 2.38 AF1NM 3.69 CA2 2.75 AF3 3.08 
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WL 2.73 NS2 3.62 AF1NM 4.28 CA3 3.14 AF3 4.19 
CA1 2.99 FR 2.50 AF2M 3.35 CA3 2.98 AF4 3.71 
CA1 2.07 FR 2.84 AF2M 5.36 CA3 4.01 AF4 3.89 
CA1 3.80 FR 3.14 AF2M 4.77 CA3 3.36 AF4 4.25 
CA1 2.82 FR 2.60 AF2M 4.85 CA3 3.75 AF4 3.86 
CA1 2.70 FR 2.91 AF2M 4.10 CA3 3.89 AF4 3.61 
CA1 3.14 FR 2.61 AF2M 4.08 CA3 4.34 AF4 3.66 
CA1 2.74 FR 2.57 AF2M 4.81 CA3 4.55 AF4 3.85 
CA1 2.56 FR 2.66 AF2M 4.04 CA3 3.89 AF4 3.50 
CA1 2.23 FR 2.96 AF2M 4.14 CA3 3.58 AF4 3.74 
CA1 2.44 FR 2.52 AF2M 4.35 CA3 3.57 AF4 3.89 
CA1 2.35 FR 2.83 AF2M 4.57 CA3 3.50 AF4 2.70 
CA1 2.58 FR 2.19 AF2M 5.03 CA3 3.10 AF4 3.23 
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CA1 2.58 FR 2.68 AF2M 3.98 CA3 2.93 AF4 3.69 
CA1 2.67 FR 3.36 AF2M 4.07 CA3 2.40 AF4 3.65 
CA1 1.91 FR 2.64 AF2M 3.91 CA3 3.19 AF4 3.40 
CA1 2.06 FR 2.82 AF2M 5.07 CA3 4.02 AF4 4.17 
CA1 2.24 FR 3.43 AF2M 4.67 CA3 3.14 AF4 2.94 
CA1 2.62 FR 2.69 AF2M 4.47 CA3 3.09 AF4 3.15 
CA1 2.22 FR 2.47 AF2M 3.60 CA3 3.17 AF4 3.79 
CA1 2.51 FR 2.55 AF2M 4.33 CA3 3.65 AF4 3.92 
CA1 2.74 FR 2.80 AF2M 4.11 CA3 2.90 AF4 4.09 
CA1 2.76 FR 3.56 AF2M 4.99 CA3 2.47 AF4 3.32 
CA1 2.26 FR 2.70 AF2M 4.83 CA3 2.89 AF4 3.71 
CA1 2.64 FR 3.66 AF2M 4.60 CA3 4.27 AF4 3.61 
NS1 2.21 AF1M 4.31 AF2NM 4.43 LM 2.21 
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NS1 2.44 AF1M 4.62 AF2NM 4.16 LM 3.16 
  
NS1 3.07 AF1M 4.37 AF2NM 4.77 LM 3.01 
  
NS1 3.23 AF1M 3.65 AF2NM 4.07 LM 3.26 
  
NS1 2.62 AF1M 4.02 AF2NM 4.32 LM 3.68 
  
NS1 2.92 AF1M 4.41 AF2NM 4.38 LM 3.66 
  
NS1 3.07 AF1M 4.14 AF2NM 4.59 LM 4.00 
  
NS1 2.43 AF1M 4.17 AF2NM 4.79 LM 4.13 
  
NS1 2.12 AF1M 4.06 AF2NM 3.97 LM 4.86 
  
NS1 2.33 AF1M 3.68 AF2NM 3.63 LM 3.78 
  
NS1 2.23 AF1M 4.18 AF2NM 4.83 LM 3.64 
  
NS1 2.47 AF1M 3.85 AF2NM 5.54 LM 2.49 
  
NS1 2.91 AF1M 4.32 AF2NM 4.39 LM 3.69 
  
NS1 3.45 AF1M 4.23 AF2NM 5.24 LM 1.95 
  
  
 
 
 
221 
 
 
 
 
 
 
 
 
 
NS1 2.00 AF1M 4.70 AF2NM 3.70 LM 2.95 
  
NS1 2.11 AF1M 4.58 AF2NM 4.60 LM 4.00 
  
NS1 2.93 AF1M 4.62 AF2NM 4.28 LM 2.95 
  
NS1 2.47 AF1M 3.82 AF2NM 4.64 LM 3.54 
  
NS1 2.47 AF1M 4.21 AF2NM 4.81 LM 2.54 
  
NS1 2.75 AF1M 3.96 AF2NM 4.30 LM 3.02 
  
NS1 2.42 AF1M 3.45 AF2NM 3.51 LM 2.61 
  
NS1 3.07 AF1M 4.07 AF2NM 3.97 LM 2.36 
  
NS1 2.21 AF1M 3.80 AF2NM 3.56 LM 3.71 
  
NS1 3.29 AF1M 5.47 AF2NM 4.29 LM 3.96 
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